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CHAPTER I 
THE MATERIALS AND MANUFACTURE OF PORTLAN)) 
CEMENT. 
The following general treatise on the properties of the raw 
materials and the processes of manufacture of Portland cement 
is taken largely from the report of Mr. E. C. Eckel, on Cement 
Materials of Iowa, Iowa Geological Survey, Volume XV. Ac-
cording to Eckel's grouping, the so-called Complex Cements 
only, are considered in this chapter. In order to indicate the 
relation existing between Portland and other complex cementing 
materials, a 'brief presentation is given of the characteristics of 
the more cOh1monl~' used silicate cements. 
COMPLEX CEMEKTS. 
The cementing materials grouped here a Silicate or Hydraulic 
Cements include all tho e materials whose settinO' properties are 
due to the formation of new compolmds, during manufacture 
or u e, and not to the mere reassumption of the original com-
position of the material from which the cement wa made. These 
new compolmds ma~' be formed either b~' chemical change during 
manufacture or by chemical interaction, in use, of materials 
which have merely been mechanically mixed during manufacture. 
In the class of ilicate cements are included all the materials 
commonly known as cements b~' the engineer (natural cements, 
Portland cement, pozzuolanic cements), together with the hy-
draulic limes. 
Though differing widely in raw material, methods of manu-
facture and properties, the silicate cements agree in two prom-
inent features; they are .all hydraulic (though in very different 
3 
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degree) ; and this property of hydraulicity is, in all, due largely 
or entirely to the formati1on of tri-calci(l silica:te (3CaO.SiOz) . 
Other silicates of lime as well as silico-aluminates, may also be 
formed; but they are relatively unimportant, except in certain 
of the natural cements and hydraulic limes where the lime-alum-
inates may be of greater importance than is here indicated. 
This will be recurred to in discussing the groups named. 
The silicate cements are divisible, on technologic grolmds, 
into four distinct clas es. The basis for this clivi ion is given 
below. It will be seen that the first named of these classes (the 
pozzuolanic cements) differs from the other three very mark-
edly, inasmuch as its raw materials are not calcined after mix-
ture; while in the last thr,ee classes the raw materials are in-
variably calcined after mixture. The four classes differ some-
what in composition but more markedly in methods of manu-
facture and in the properties of the finished cements. 
CLASSES OF SILICATE CEMENTS. 
1. Pozzuolanic or Puzzo lan Cements; produced by the me-
chanical mixture, without calcination, of slaked lime and a silico-
aluminous materi.al (the latter being usually a volcanic ash or 
blast-furnace slag). 
2. Hydraulic Limes ; produced by the calcination, at a tem-
perature not much higher than that of decarbonation, of a 
siliceous limestone so high in lime carbonate that a considerable 
amolmt of free lime appears in the finished product. See Chap-
-tel' II. 
3. Natural Cements; produced by the calcination, at a tem-
perature between those of decarbonation and clinkering, of a 
siliceous limestone (which may also carry notable amounts of 
alumina and of magnesium carbonate) in which the lime carbon-
ate is so low, relative to the silica and alumina, that little or no 
free lime appears in the cement. 
4. Portland Cements; produced by the calcination, at the tem-
perature of semi-vitrefaction ("clinkering") of an artificial 
mixture of calcareous with silico-aluminous materials, in the 
proportion of about thr,ee part of lime carbonate to one part 
of clayey materi.al. 
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NATURAL CEMENTS. 
Natural cements are produced by burning a naturally impure 
limestone, containing from fifteen to forty per cent of silica, 
alumina, and iron oxide. This 'burning takes place at a compar,a-
tively low temperature, about that of ordinary lime burning. 
The operation can therefore be carried on in a kiln closely re-
sembling an ordinary lime kiln. During the burning the carbon 
dioxide of the limestone is almost entirely driven off, and the 
lime combines with the silica, alumina and iron oxide, forming 
a mass containing ,silicates, aluminates, and ferrites of lime. In 
cas·e the original limestone contained much magnesium carbonate, 
the burned rock will also contain a corresponding amount of 
magnesia. 
After burning, the burned mass will not slake if water be 
added. It is necessary, therefore, to grind it quite finely. After 
grinding, if the resulting powder (natural cement) be mixed 
with water it will harden r.apidly. This hardening or setting 
will also take place under water. The natural cements differ 
from ordinary limes in two noticeable ways: 
(1) The burned mass does not slake on the addition of w,ater. 
(2) Mter grinding, the powder has hydraulic properties, i. e., 
if properly prepared, it will set under w,ater. 
Natural cements are quite closely r,elated to both hydraulic 
limes on the one hand, and Portland cement on the other, agree-
ing with both in the possession ·of hydraulic properties. They 
differ from hydraulic limes, however, in that the burned natural 
cement rock will not slake when water is poured on it. 
The natural cements differ from Portland cements in the fol-
lowing important particulars: 
(1) Natural cements are not made iby burning carefully pre-
par·ed and finely ground artificial mixtures, but by burning 
mas es of natural rock. 
(2) Natural cements, ,after burning and grinding, are usually 
yellow to brown in color and light in weight, their specific 
gravity being about 2.7 to 2.9; while Portland cement IS com-
monly blue to gray in coLor and heavier, its specific gravity 
ranging from 3.0 to 3.2. 
\ 
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(3) Natural cements are .always burned at a lower temper-
ature than Portland, and commonly at a much lower temper-
ature, the mass of rock in the kiln never being heated high 
enough to even approach the fusing or clinkering point. 
(4) In u e, natural cement et more rapidly than Portland 
cement, but do not ~ttain such a high ultimate strength. 
(5) In compo ition, while Portland cement is a definite prod-
uct whose percentages of lime, ilica, alumina and iron oxide 
vary only between narrow limits, various brands of natural 
cements will show very great differences in composition. 
The material utilized for natural cement manufacture is in-
V'ariably a clayey limestone, ,earrying from 13 to 35 per cent of 
clayey material, of which 10 to 22 per cent or so i silica, while 
alumina and iron oxide -together may vary from 4 to 16 per cent. 
It is the pre ence ·of these clayey materials which give the re-
sulting cement its hydraulic properties. Stress i often care-
lessly or ignorantly laid on the fact -that many of our be t known 
natural cements carry large percentages of magnesia, but it 
should, rut this date, be realized that magnesia (in natural 
cements at least) may be regarded as being almost exac-tly inter-
changeable with lime, so f,ar as the hydraulic properties of the 
product are concerned. The presence of magnesium carbonate 
in ,a natural cement rock is then merely incidental, while the 
silica, alumina, and iron oxide are essentiaL The thirty per 
cent or so · of magnesium carbonate which occurs in the cement 
rock of the Rosendale district, N. Y., could be r,eplaced by an 
equal amount of lime carbonate, and the burnt tone would 
still give a hydraulic produc-t. If, however, the clayey portion 
(silica, alumina, and iron oxide) of the Rosendale rock could be 
removed, leaving only the magnesium and lime carbonates, the 
burnt rock would lose all of its hydraulic properties and would 
yield simply a magnesian lime. 
This point ha 'been empha ized because many writer on the 
subject have either explicitly tated or implied that it i the 
magnesium carbonate of the Rosendale, Akron, Louisville, Utica 
and Milwaukee rocks that causes them to yield a natural cement 
on burning. 
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PORTLAND CEMENT. 
Portland cement is produced by burning ,a finely ground, arti-
ficial mixture containing essentially lime, silica, alumina, and 
iron oxide, in certain definite proportions. U ually this com-
bination is made by mixing limestone or marl with clay or shale, 
in which case about three times as much of the lime carbonate 
should be present in the mixture as of the clay materials. The 
burning takes pla,ce wt a high temperature, approMhing 3,000° 
F., and must therefore be carried on in kilns of special design 
and lining. During the burning, combin'ation of the lime with 
silica, alumina, and iron oxide takes place. The product of the 
burning is a semi-fus·ed mass called clinker, and consists of 
silicates, aluminates and ferrites of lime in certain definite pro-
portions. This clinker must be finely grolmd. After such 
grinding the powder (Portland cement) will set under water. 
As noted a:bov·e, under the head of Natural Oements, Portland 
cement is blue to gray in color, with a specific gmvity of 3.0 to 
3.2, and sets more lowly than natural cements, but soon attains 
a higher tensile strength. 
PUZZOLAN CEMENTS . 
The cementing materials included under this name ar·e made 
by mixing powdered slaked lime with either a volcanic ash or 
a blast-furnace slag. The product is therefore imply a mechan-
ical mixture of two ingredients, as the mixture is not burned at 
any stage of the pr,ocess. After mixing, ,the mixture is finely 
grolmd. 'The resulting powder (Puzzolan cement) will set under 
water. 
Puzzolan cements are usually light bluish in color, and of lower 
specific gravity and less tensile strength than Portland cement. 
They are better adapted to use under water than to use in air. 
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PORTLAND CEMENT. 
DEFINITION. 
In the following section various possible raw materials for 
Portland cement manufacture will be taken up, and their relative 
suitability for such use will be discussed. In order that the 
statements there made may be clearly understood it will be 
necessary to preface this discussion by a brief explanation re-
garding the composition and constitution of Portland cement. 
a se of term Portland.-While there is a general agreement 
of opinion as to what is understood by the term Portland cement, 
a few points of importance are still open questions. The defini-
tions of the term given in specifications are in consequence often 
vague land unsrutisf,actory. 
It is agreed that the cement mixture must consist essentially 
of lime, silioa and alumina in proportions which can v1ary but 
slightly; and that this mixture must be burned at a temperature 
which will give a semi-fused product-a "clinker." These 
points must therefore be included in any satisfactory definition. 
The point reg,arding which there is a difference of opinion is 
whether or not cements made by burning a natural rock can be 
considered true Portlands. The question as to whether the 
definition of Portland cement should be drawn so as to include 
or exclude such products is evidently largely a matter of con-
vention; but, unlike most conventional issues, the decision has 
very important practical consequences. The question at issue 
may be stated as follows: 
If we make artificial mixture of the raw materials and a very 
high degree of burning the criteria on which to base our defini-
tion, we must in consequence of that decision exclude from the 
class of Portland cements certain well known products manu-
factured ,atseveral points in France and Belgium, by burning a 
natural rock, without artificial mixture, and at a considerably 
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lower temperature than is attained in ordinary Portland cement 
prootice. These" natural Portlands" of France and Belgium 
have always been considered Portland cements by the most 
critical authorities, though all agree ,that they are not particu-
larly high gmde Portlands. So that a definition, based upon the 
criteria above named, will of necessity exclude from our cIa s 
of Portland cements some very meritorious products. 
There is no doubt that in theory a rock could occur, contain-
ing lime, ,silica and alumina in such correct proportions as to 
give a good Portland cement on burning. Actually, however, 
such a perfect cement rock is of extremely rare occurrence. As 
above stated, certain brands of French and Belgian "Portland" 
cements are made from such natural rocks, without the addi-
ti'on of any other rna teria I; but these brands are not particu-
larly high grade, and in the better Belgian cements the compo-
sition is corrected by the ,addition of other materials to the 
cement rock, before burning. 
The following definition of Portland cement is of importance 
because of the large amount of cement which will be accepted 
annually under the specifications'~ in which it occurs. It is also 
of interest a being the nearest approach to an official govern-
ment definition of the material that we have in this country. 
"By a Portland cem!;'nt is meant the product, obtained from the heatin g or 
calcinin g up to incipi ent fusion of intimate mixtures , either natural or a rtific ial, of 
argillaceou with calcareous substances, th e calc.ined product to contain at least 
1. 7 times as much of lime, by weight, as of the materials which give the li me its 
hydraulic properties , and to be finely pull'E'riz!;'c1 after said calcin ation, and th ere· 
after additions or substitut,ions for th!;' purpos!;' onl~' of regulating certain properties 
of technical importance to be allowabl e to not exceeding :l per cent of the calcined 
product. " 
It will be noted that thi definition does not require pulver-
izing or artificial mixing of the materials prior to burning. It 
seems probable that the Belgian" natural Portlands" were kept 
in mind when the e requirements were omitted . In dealing 
with American made cements, however, and the specifica bons 
in question are headed, "Specifications for American Portland 
cement," it is a serious error to omit the e requirements. No 
true Portland cements are at pr,e ent manufactured in America 
from natural mixture, without pulverizing and ,artificially mix-
• Professional paper No. 28, Corp 3 0 1 Engineer~ , U. s. A., p, 30 . 
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ing the materials prior to burning. Several plants, however, 
have placed on the market so-called Portland cements made by 
grinding up together the underburned and overburned materials 
formed during the burning of natural cements. Several of 
these brands contain from 5 to 15 per cent of magnesia, and 
under no circumstances ·oan they be considered true Portland 
cements. 
In v}ew of the conditions above noted, the writer believes 
that the following definition will be found more satisfactory 
than the one above quoted. 
Definition of Portland Cement.-Portland cement is an arti-
ficial product o~tained by finely pulverizing the clinker pro-
duced by burning to semi-fusion an intimate mixtur·e of finely 
ground calcareous and argillaceous material, this mixture con-
sisting approximately of one part of silica and alumina to three 
parts of carbonate of lime (or an equivalent amount of lime 
oxide). 
COMPOSITION AND CONSTITUTION. 
Portland cements may be said to tend toward a composition 
approximating to pure tri-calcicsilicate (3eaO. Si02 ) which 
would correslJond to the proportion CaO 73.6 per cent, Si02 26.4 
per cent. As can be seen, however, from the analyses quoted 
later, actual Portland cements as at present made differ in com-
position somewhat markedly from this. Alumina is always 
present in considerable quantity, forming with part of the lime, 
the dicalcic aluminate (20aO. Al20 3 ) . This would give, as stated 
by Newberry, for the general formula of a pure Portland-
x(3CaO. Si02 )+y(2CaO. Al30 3) ' 
But the composition is still further complicated by the pres~ 
ence of accidental impurities, or intentionally added ingredients. 
These last may be simply adulterants, or they may be added to 
serve some useful purpose. Calcium sulphate is a type of the lat-
ter class. It serves to retard the set of the cement, and, in 
small quantities, appears ,to have no injurious effect which 
would prohibit its use for this purpose. In dome kilns, sufficient 
sulphur trioxide is generally taken up by the cement from the 
fuel gases to obviate the necessity for the l,ater addition of cal-
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cium sulphate, but in the rotary kiln its addition to the ground 
cement, in the form of either powdered gypsum or plaster of 
Paris, is a necessity. 
Iron oxide, within reasonable limits, seems to act as a substi-
tute for alumina, and the two may be calculated together. Mag-
nesium carbonate is rarely entirely absent from limestone or 
clays, and magnesia is therefore almost invariably present in the 
finished cement. Though magnesi,a, when magnesium carbonate 
is bu'rned at low temperature, is an active hydraulic material, 
it .does not combine with silica or alumina at the clinkering heat 
.employed in Portland cement manufacture. At the best it is an 
inert and valueless constituent in the cement; many regard it 
as positively detrimental in even small amounts, and because of 
this feeling manufcturers prefer to carry it as low as possible. 
Newberry has ,stated that in amounts of less than three and one-
half per cent it is harmless, and American Portlands from the 
Lehigh distr~ct usually reach well up toward that limit. In 
European practice it is carried somewhat lower. 
Raw Materials. 
GENERAL CONSlDERA nONS. 
For the purpose of the present chapter it will be sufficiently 
accurate to consi.der that a Portland cement mixture, when 
ready for burning, will consist of about seventy-five per cent of 
lime carbonate (CaCO:1 ) and twenty per cent of silica (8i02 ), 
alumina (A1eO,,) and iron oxide (Fee'03 ) Itogether, the remain-
ing five per cent including' any magnesiulll carbonate, sulphur 
and alkalies that may be present. 
The essential elements which enter into this mixture, lime, 
silica, alumina and iron, are ,all abundantly and widely distrib-
uted in nature, occurring in different forms in many kinds of 
rocks. It can therefore readily ,be seen that, theoretically, a 
satisfactory Portland cement mixture could be prepared by com-
bining, in an ,almost infinite number of ways and proportions, 
many possible raw materials. 'Obviously, too, we might expect 
to find perfect gradations in the artificialness of the mixture, 
varying from one extreme where ia natural rock of absolutely 
~orrect composition was used to the other extreme where two 
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or more materials, in nearly equal amounts, are required to 
make a mixture 6f correct composition. 
The almost infinite number of raw materials which are theo-
retically available are, howev,er, reduced to a very few in prac- . 
tice under existing commercial conditions. The necessity for 
making the mixture as cheaply as possible rules out of considera-
tion a large number of materials which would be considered 
available if chemical composition was the only thing to be taken 
into account. Some materi~ls otherwise suitable are too scarce; 
some are ,too difficult to pulverize. In consequence, a compara-
tiyely few combinations of raw material are actually used in 
practice. 
In certain localities deposits of argillaceous (clayey) limestone 
or "cement rock" occur, in which the lime, silica, alumina 
and iron oxide exist in so nearly the proper proportions that 
only a relatively small amount (about ten per cent or so) of other 
material is required in order to make a mixture of correct com-
position. 
In the majority of plants, however, most or all of the neces-
sary lime is furnished by one raw material, while the silica, 
alumina and iron oxide are largely or entirely derived from 
anOfther raw material. The' raw material which furnishes the 
lime is usually natural, a limestone, chalk or marl, but occasion-
ally an artificial product is used, such 'as the chemically precipi-
tated lime carbonate which results as waste from alkali manu-
£<acture. The silica, ,alumina and iron ,oxide of the mixture are 
usually derived from clays, shales or slates; but in a few plants 
blast-furnace slag is used as the silico-aluminous ingredient III 
the manufacture of true Portland cement. 
The v,arious combinations of raw materials which are at 
present used in the United States in the manufacture of Port-
land cement may be grouped under six heads. This grouping 
is as follows: 
1. Argillaceous limestone (cement rock) and pure limestone. 
2. Pur,e hard limestone and clay or shale. 
3. Soft chalky limestone and clay. 
4. Marl and clay. 
5. Alkali waste 'and clay. 
6. Slag and limestone. 
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Raw Materials Actually in Use. 
ARGILLACEOUS LIMESTONE: CEMENT ROCK. 
An argillaceous lime tone containing approximwtely 75 per 
cent of lime carbonate and 20 per cent of clayey materials (silica, 
alumina and iron oxide) would, of course, be the ideal material 
for use in the manufacture of Portland cement, as such a rock 
would contain within itself in the proper proportions all the 
ingr,edients necess'ary for the manufacture of 'a go.od Portland. 
It would require the addition of no other material, but when 
burnt alone would giv,e ,a good cement. This ideal cement mate-
rial is, of course, never realized in pradice, but certain deposits 
of argillaceous limestone approach the ideal composition very 
closely. 
The most important of these argillaceous limestone or "cement 
rock" deposits is, at present, that which is so extensively utilized 
in Portland cement manufacture in the "Lehigh district" of 
. Pennsylvania and New Jersey. This area still furnishes about 
two-thirds of all the Portland cement manufactured in the United 
States. 
The analy es given in the follo.wing table 'are fairly representa-
tive of the materi.als employed in the Lehigh district. The first 
f,our analyse ,are of "cement rock"; the last two are of the 
purer limestone used for mixing with it. 
Analyses .of Leh'ig Ii d'ist1'ict cement mate1"ia.l ·. 
Cement rock Limestone 
Silica (Si0 2 ) ...... . ................ 10.02 9.52 H.52 16.10 3.02 1.98 
Alumina (AI 2 0 3 ) .• • •• • •••••••.••••• 6.26 -!.72 6.52 2.20 1. 90 0.70 
Iron oxide (Fe20 3) . .. . . . ....... ... . .... . .... . . . . . . . .... . .... . .... 
Lime carbonate (CaCO" ) ........ . .. 78.65 80.71 73.52 76.23 92.05 95.19 
Magnesium carbonate (MgC0 3 ) •• • •• 4.71 4.92 ,1.69 3.54 3.04 2.03 
"CEMENT ROCK" IN OTHER PARTS OF THE UNITED STATES . 
Certain Portland cement plants, particularly in the western 
United States, are using combinations of materials closely sim-
ilar to those in the Lehigh district. Analy'ses of the materials 
used at several of these plants are given in the following table: 
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Analyses of " cement rock" and limestone from the weste1'n United States. 
Utah I California I Colorado , 
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'" '" '" '" '" '" E 8 E 8 8 8 
'" :3 '" :3 '" :3 Q Q Q 
Silica (SiO~) ....... ... . .. . .... . . . .. 2l.2 6.8 20.06 7.12 14.20 . . .. . . 
Alumina (AI 20 a) . . . .... ... . . ....... 8 .0 3.0 10.07 2.36 5 .21 .. .. . . 
Iron oxide (Fe20 .) . . .... . .. . ...... .... . . ... . 3 .39 l.16 1. 73 . . . ... 
Lime carbonate (CaC0 3 ) •••• •• •• . •• 62 .08 89.8 63.40 87.70 75.10 88.0 
Magnesium carbonate (MgC0 3 ) •• ••. 3.8 0.76 l.54 0 .84 l.1O , . . . .. 
PURE HARD LIMESTONES. 
A series of analyses of representative pure hard limestones, 
together with analyses of the clays or shales with which they 
are mixed, is given below: 
Analyses of pUTe haTd l-imestones and clayey rnatm·ials . 
Limestones Clays and shales 
Silica (Si0 2 ) • • : •••• • ••••• • •• •• •• l.72 0.86 0.5R 0.40 63 .56 55 .80 56.30 60.00 
Alumina (AI 20 a) ... .. . .. ... . .... l.63 0.63 l.23} r3 .26 0.44 27.32 30 .20 29.86 
Iron oxide (Fe20 a) . .... . . ... . . .. 6.59 l.03 0.29 4.32 
Lime carbonate (CaCOa) ... . .... 90.58 97.06
1
97 .23 $)7.99[ 3.60 2.54 ... .. [ 1. 70 
Magnesium carbonate (MgCO a) . . . . ... 0 .75 0.42 2.60 ... . . l.50 
The first limestoneanaly,sis given in the ,above ,table represents 
a {3urious type, used in several plants in the Middle West. As 
will be noted, it is a relat~vely impure limestone, but its prin-
cipal impurity is iron oxide. It contains 8.22 per cent of iron 
oxide and alumina, as compared with 1.72 per cent of silica; and 
therefore demands great care in the selection of a suit'able high-
silica clay to mix with it. 
SOFT LIMESTONE: CHALK. 
ORIGIN AND GENERAL CHARACTER . 
Chalk, properly speaking, is a pure carbonate of lime, com-
posed of the remains of ,the shells of minute organisms, among 
which those of foraminifera are especially prominent. The 
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chalks and soft limestones discussed here agree, not only in hav-
ing usually originated in this way, but also in being rather soft 
a:p.d therefore readily and cheaply crushed and pulverized. As 
Portland cement materials they are, therefore, almost ideal. One-
defect, however, which to a small extent counterbalances their 
obvious advantages is the fiwt that most of these soft, chalky 
limestones absorb water quite readily. A chalky limestone-
which in a dry ,season will not carryover two per cent of moist-
ure as quarried, may in consequence of prolonged wet weather 
show as high as fifteen or twenty per cent of water. This dif-
ficulty can of course be avoided if care be taken in quarrying 
to avoid unnecessary exposure to water and, if necessary, to 
provide facilitie s for storing a supply of the raw materials dur-
ing wet seasons. 
COMPOSITION . 
In composition these chalks, or "rotten limestones," vary 
from a rather pure calcium carbonate, low in both magnesia 
and clayey materials to an impure clayey limestone, requiring 
little additional clay to make it fit for use in Portland cement. 
manufacture. Analyses quoted from various authors of a num-
ber of these chalky limestones are giv,en in the table below, and 
will serve to show their range of composition. 
Analyses of chalky limestones. 
I 
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.:2 ~~ :;;;0 8.:2 I 01'" .~ ... 01 • =z "'< ol"" .. .c...: olrn >=l , rn >=l !;: >- :s 
Silica (Si0 2 ) ••••••• • ••• • ••••• 12. 13 5 .77 23.55 7.97 8.20 9.15 
Alumina (AI2 0 a ) . . ....... .... 4. 17 } 2.14 1. 50 1.09 7.07 { 4. 80 Iron oxide (Fe 2 0 3 ) •••••••••• • 3.28 2.30 
Lime carbonate (CaC0 3 ) . ••.. 75.07 90.15 70 .21 88.64 83.59 63.75 
Magnesium carbon. (MgC0 3 ) .. .92 .58 .58 . 73 n. d . 1. 25 
FRESH WATER MARLS . 
Marls, in the sense in which the term is used in the Portland 
cement industry, are incoherent limestones which have been. 
deposited in the basins of existing or extinct lakes. S6 far a s. 
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chemical composition is concerned, marls are practically pure 
limestones, being composed almost entirely of calcium carbonate. 
Physically, however, they differ greatly from the compact rocks 
which are commonly described as limestones, for the marls are 
granular, incoherent deposits. This curious physical character 
of marls is due to ,the conditions under which they have been 
deposited, and v.aries somewhat according to the particular con-
ditions which governed their deposition in different localities. 
COMPOSITION. 
As shown by the analyses below, marls are usually very pure 
lime carbonates. They therefore require the addition of eonsid-
erableclay to bring them up to the proper composition for a 
PorUand cement mixture. 
The marls are readily excavated, but necessarily carry a 
large percentage of water. The mixture, on this account, is 
commonly made in the wet way, which necessitates driving off 
a high percentage of water in the kilns. Analyses of typical 
marls and clays are given in the following tables: 
Analyses of marls and clays used in cement plants. 
Marl II Clay 
Silica (SiO z) ........... •..... 0.25 3.0 l.60 40.48 52 .0 63.75 
Alumina Al z0 3 ) .. ..... ...... } .10 l.55 20.95 { 17.0 16.40 Iron oxide (Fe Z0 3 ) .... ... . 5 .0 6.35 . . . . ... ... 
Lime carbonate (CaC0 3 ) 94 .39 93.0 88.9 25.80 20 .0 4.0 
Magnesium carbon. (MgC0 3 ) .38 l.5 .94 .99 ........ 2.1 
ALKALI WASTE. 
A very large amount of waste material results from the pro-
cess used at alkali works in the manufacture of caustie soda. 
This waste material is largely ,a precipitated form of calcium 
carbonate, and if it is sufficiently free from impurities, it fur-
nishes a cheap source of lime for use in Portland cement manu-
facture. 
The availability of alkali waste for this purpose depends 
largely on what process was used at the alkali plant. Leblanc 
process waste, for example, carries a very larg,e percentage of 
sulphidei3, which prevents its use as.a Portland cement material. 
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Waste resulting from the use of the ammonia process, on the 
other hand, is usually a very pure mass of lime, mostly in the 
form of carbonate, though a little lime hydrate is commonly 
present. As pyrite is not used in the ammonia process, its 
waste is usually low enough in sulphur to be used as a cement 
material. The waste may carry .a low or a very high percentage 
of magnesia, according to the character of the limestone that 
has been used in the alkali plant. When a limestone low in 
magnesium carbonate has been used, the resulting waste is a 
very satisfactory Portland cement material. 
The following analyses are fairly representative of the waste 
obtained at alkali plants using the .ammonia process: 
Analyses of alkali waste. 
Silica (Si0 2 ) ............. . . ........ . .. 
Alumina (AI 2 0 3) . ................ . ... } 
Iron oxide (Fe 2 03) ..... . .... . . . . .... . 
Lime (CaO) ...... . .. ... . . .. .. .... ... . 
Magnesia (MgO) .. .. ...... . . ...... . .. . 
Alkalies (Na 2 0, K 20) .............. .. 
Sulphur trioxide (S03.) .............. . 
Sulphur (S) ................. .. ...... . 
Carbon dioxide (C0 2 ) •• •••.• , ••••••• • 
Water and organic matter ..... ... ... . . 
0.60 
3.04 
53.33 
0 .48 
0 .20 
n. d . 
n. d . 
42.43 
n. d . 
2 
1.75 
0. 61 
50 .60 
5.35 
0.64 
n. d. 
0.10 
{ 41. 70 
3 
1. 98 0.98 
1.41 } 1.62 1. 38 
48.29 50.40 
1.51 4 .97 
0.64 0 .50 
1.26 n. d. 
n. d . 0.06 
39.60 n. d. 
3 .80 n. d . 
Of the analyses quoted in the preceding table, those in the 
first and third columns represent materials which are actually 
used in P.ortland cement manufacture in England ,and the United 
States. The alkali wastes whose analyses are given in the 
second and fourth columns are notably too high in magnesia to 
be advisable for such use. 
BLAST FURNACE SLAG. 
True Portland cements, which must be sharply distinguished 
from slag (or puzzolan) cements, can be made from mixtures 
which contain blast furnace slag as one ingredient. In this case 
the slag is intimately mixed with limestone and the mixture is 
finely powder.ed. H is then burned in kilns ,and the resulting 
clinker pulverized. 
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The slags from iron furnaces consist essentially of lime (CaO) r 
silica (Si02) and alumina (A12 0 3), though small percentages of 
iron oxide (FeO), magnesia (MgO) and sulphur (S), are com-
monly present. Slag may, therefore, be regarded as a very im-
pure limestone or a very calcareous clay, from which the carbon 
dioxide has been driven off. Two plants in the United States 
are at present engaged in ,the manufacture of true Portland 
cement from slag. 
The slag used at a German Portland cement plant has the 
f.ollowing range in composition: 
Composition of slag used in Pm·tland cement manufacture. 
Silica (Si0 2 ) •••• • •• • •••••••••••••• • •••••••• • • • •••• •• •• •• • 30. to 35. 
Alumina (AI2 0 3 ) •.•.• • •••••••••••••••••••.••• •• ••••••••• 10. "14. 
Iron Oxide (FeO) ...... .. ..... ...... ...... .. ........... . . 0.2 " 1.2 
Lime (CaO) ..... . ..... .... . ... . ......... . ... . ..... .. ... .46. "49. 
Magnesia (MgO) ....... . .. ..................... .. . .... . . 0 .5 " 3.5 
Sulphur trioxide (S03) .. .................... ...... .. .... 0 .2 " 0.6 
CLA YS AND SHALES. 
Clays are ultimately derived from the decay of older r ocks, 
the finer particles resulting from this decay being carr ied off 
and deposited by streams along their channels, in lakes, or along 
parts of the sea coast or sea bottom as beds of clay. In chemical 
composition the clays are composed essent~al1y of silica and 
alumina, though iron oxide is almost invariably present in more 
or less amount, while lime, magnesia, alkalies and sulphur are 
of frequent occurrence, though usually in small percentages. 
Shales are clays which have become hardened by pressure. 
The so-called "fire clays" of the coal measures are usually 
shales, as are many of the other "clays" of commerce. 
For use as Portland cement materials clays or shales should 
be as free as possible from gravel and sand, as the silica present 
as pebbles or grit is practically inert in the kiln unless ground 
more finely than is economically practicable. In composition 
they should not carry less than 55 per ('ent of silica, and pref-
erably from 60 to 70 per cent. The alumina and iron oxide 
together should not amount to more than one-half the percentage 
of silica, and the composition will usually be better the nearer 
the ratio 
Al 0 . F 0 8iO.,. h d 2 3 + 'e2' 3 = 3 IS approac e . 
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Nodules of lime carbonate, gypsum or pyrite, if . present in. 
any quantity, are undesirable; though the lime carbonate is not 
absolutely injurious. Magnesia and alkalies should be low, pref-
.erably not above three per cent. 
SLATE. 
Slate is, ·so far as origin is concerned, merely a form of shale' 
in which a fine, even and parallel cleavage has been developedi 
by pressure. In composition, therefore, it will vary e~actly as· 
do the shales, and so far as composition alone is _concerned,. 
slate would not be worthy of more attention, as a Portlandl 
cement material, than any other shale. 
Commercial considerations in connection with the slate indus--
try, however, make slate a very important possible source of 
cement materiaL Good roofing slate is ,a rela!tively scarce mate--
ri,al, ·and commands 'a good price when found. In the preparation:. 
of ro·ofing ·slate for the market so much material is lost during ' 
sawing, splitting, etc., that only .about ten to twenty-five pel"' 
cent of the amount quarried is salable as slate. The remaining·' 
seventy-five to ninety per cent is of no service to the slate miner ... 
It is sent to the dump heap and is a continual source of trouble-
and expense. This very material, howevet, as can be seen from 
the analyses quoted below, is often admirable for use, in connec--
tion with limestone, in a Portland cement mixture. As it is a . 
waste product, it could be obtained very cheaply by the cement 
manufacturer. 
Composition of American 1'oofing slates. 
Silica (SiO .) ... .. . .... . .... .. . ... ...... ... .. . . .. ... . 
Alumina (A I2 0 3 ) ••• •••• . ••• . •• .. • . ••• . .. •• .. •• • •. ••• 
Iron oxides (F eO, Fe 2 0 3) . .. .. . . . . ........ .. ..... ' " 
Lime (OaO) ........ . ......... . . .. . ... ..... . ...... . . 
Magnesia (MgO) ...... . .. .. .......... : ......... . . : .. 
Alkalies (K 2 0 , Na.O) ...... . . . . . ... . ........... . ... . 
Ferrous sulphide (FeS 2 ) •••••• ••• • •••••• •• ••• • • • ••••• 
Oarbon dioxide (00 2 ) • •• •••••• • •••• • •• • •••• •• •• • •• .. 
Water of com bjllation . ... ......... ... ......... . . ... . 
Moisture, below 1100 0 .. . .... . ... . ... . .. . ... . . ... ... . 
4 
jMaximum! AVerage ! Minimu m 
68 .62 
24.71 
10.66 
5.23 
6.43 
8.68 
60.64 
18.05 
6.87 
1.54 
2.60 
4.74 
0.38 
1.47 
3.51 
0.62 
54.05 
9.77 
2.18 
0.12 
1.93 
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Factors D e termini ng the Value o f Deposits of Cement 
Materials. 
It seems desirable to give a somewhrut detailed discussion 
of the factors which influence the v,alue of limestone, marl or 
chalk or clay for Por,tland cement manufacture. Determining the 
possible value, for Portland cement manufacture, of a deposit 
of raw material is a complex problem, since the value depends 
upon a number of distinct· factors, all of which must be given 
due consideration. The more importa:nt of these factors are : 
(1) Chemical composition of the material. 
(2) Physical character of the material. 
(3) Amount of material ,available. 
(4) Locrution of the deposit with respect to transportation 
routes. 
(5) Location of the deposit with respect to fuel supplies. 
(6) Location of the deposit with respect to markets. 
METHODS AND COST OF EXCAVATION OF RAW MATERIALS. 
The natural raw materials used at present in Portland cement 
manufacture are obtained by one of three methods,-(a) quar-
rying, (b) mining, and (c) dredging. When the cement manu-
facturer is given an opportunity to choose between these dif-
ferent methods of excavaiion, his choice will depend partly on 
the physical character of the material to be excavated and partly 
on the topographic and geologic conditions. U suaIly, however, 
ther'e is no opportunity for a choice of methods, for in any giv·en 
case one of the methods will be so evidenily the only possible 
mode of handling the material as to leave no room for other 
considera tions. 
The three different methods of excavation will first be briefly 
considered, after which the cost of raw materials at the mill 
will be discussed. 
Quar·rying .-In the following page,s the term "quarrying" 
will be used to cover all methods of obtaining raw materials 
from open excavations-quarries, cuts or pits-whether the 
material excavated be a limestone, a shale or a clay. Quarrying 
is the mos't natural and common method of ·excavating the raw 
materials for cement manufacture. If marl, which is usually 
EXCAVATION OF RAW MATERIALS. 51 
worked by dredging, be excluded from consideration, it is prob-
ably within safe limits to s,ay tha-t 95 per cent -of the raw mate-
rial s used a.t American Portland cement plants are obtained by 
quarrying. If marls be included, the percentages' excavated by 
the different methods would probably be about as follows: 
Quarrying, 88 per cent; dredging, 10 per cent; mining, 2 per 
cent. 
In the majority of limestone quarries the material is blasted 
out and loaded by hand on cars or cart . In a few limestone 
quarries a steam shovel is employed to do the loading, and in 
shale quarrie thi use of the steam shovel i more frequent. 
In certain c lay and shale pits, wher-e the material,s are of suitable 
character, the steam shovel does all the work, both excavating 
and loadino' the raw material. 
The rock is usually shipped to the mill as quarried without 
any treatment except ledging it to a convenient ize for loading. 
At a few quarrie , however, a crus'hing plant is installed at the 
quarrYJ and the rock is sent as crushed stone to the mill. A few 
plant also have installed their driers at the quarry, and dry 
the stone before shipping it to the mill. Except the saving of 
mill space thus attained, this practice seems to have little to 
commend it. 
Mining.-The term "mining" will be used, in distinction from 
"quarrying," to cover methods of obtaining any kind of raw 
material by underground workings, through shafts or tunnels. 
Mining is, of course, rarely employed in excavating materials 
of such low value per ton as the raw materials for Portland 
cement manufacture. Occasionally, however, when a thin bed of 
I imes-tone or shale is being worked, its dip will carry it under 
uch a thickness of other strata as to make mining cheaper than 
stripping and quarrying, for that particular case. 
Mining is considerably more expensive work than quarrying 
but there are a few advantages about it that serve ,to counter-
balance the greater cost per ton of raw material. A mine can 
be worked steadily and economically in a ll kinds of weather, 
while an open cut or quarry is commonly in a more or less un-
workable condition for about thr'ee months of -the year. Mate-
rial won by mining is, mor-eover,aJlways dry -and clean. 
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Dredging ,-The term "dredging" will be here used to cover 
all methods of excavating soft, wet, raw materials, The fact 
that the materials are wet implies that the deposit occurs in a 
basin or depression; and this in turn, implies that the mill is 
probably located at a higher elevation than the deposit of raw 
material; thus necessitating up-hill transportation to the mili. 
The only raw material for Portland cement manufacture that 
is extensively worked by dredging, in the United States, is marl. 
Occasionally the clay used i obtained from deposits overlain by 
more or less Wiater; but this i rarely done except where the 
marl and clay are interbedded or associated in the same deposit. 
A marl deposit, in a;ddition to containing much water diffused 
throughout it mass, is usually covered by a more or less con-
siderable depth of water. This will frequently require the par-
tial dmining of the basin in order to get tracks laid near enough 
to be of service. 
In dredging marl the excavator is frequently mounted on a 
barge, which floats in a channel resulting from previous excava-
tion. Occasionally, in deposits which either were originally 
covered by very lit,tle water or have been drained, the shovel is 
mounted on a ('oar, running on tracks laid along the edge of the 
deposit. 
The material brought up by the dredge may be transported 
to the mill in two different ways, the choice depending largely 
upon the manufacturing processes in use at the plant. At 
plants using dome or chamber kilns, or where thE;! marl is to be , 
dried before sendinO' to the kiln, the excavated marl i" usually 
loaded by the shovel on cars, and 'hauled to the mill by horse or 
S'team power. At normal marl plants, using a very wet mixture, 
it is probable that the second method of transportation is more 
economical. This consists 'of dumping the marl from the excava-
tor inrto tanks, adding sufficient water to make it flow readily, and 
pumping the fluid mixture to the mill in pipes. 
COST OF RAW MATERIALS AT MILL. 
The most natural way, perhaps, to express the co t of the 
raw materials delivered at the mill would be to state it as being 
so many cents per ton or cubic yard of raw material, and thi 
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is the method followed by quarrymen or miners in general. To 
the cement manufacturer, 'however, such an estimate is not so 
suitable as one based on the cost of raw materials per ton or 
barrel of finished cement. 
In the case of hard and comparatively dry limestones or 
shales, it ma3- be con 'idered il;hat the raw material loses 331/3 
per cent in weight on burning. Oonverting this relation into 
pounds of raw material and of clinker we find that 600 pounds 
of dry raw material will make about four hundred pounds of 
clinker. Allowing something for other losses in the process of 
manufacture, it is convenient and sufficiently accurate to esti-
mate that 600 pounds of dry raw material will give one barrel 
of finished cement. These estimates must be increased if the 
raw material carry any appreciable amount of water. Olay 
will frequently contain] 5 per cent or more of water, while oft 
chalk~- limestones, if quarried during wet weather, may carry as 
high as 15 to more than 20 per cent. A Portland cement mix-
ture composed of a pure chalky limestone and a clay might, 
therefore, average 10 to 20 per cent of wa'ter, and consequently 
about seven hundred pounds of such a mixture would be required 
to make one barrel of finished cement. 
,Vith marls the loss on drying ,and burning is much greater. 
Russell states '~ that according to determinations made by E. D. 
Oampbell, one cubic foot of marl, as it u ually occurs in the 
normal deposits, contains about forty-seven ,and one-half pounds 
of lime carbonate and forty-eight pound of water. In making 
cement from a mixture of marl and clay, therefore, it would be 
necess,ary to figure on excavating and transporting more than 
one thousand pounds of ra w material for every barrel of finished 
cement. 
From the preceding notes it will be understood that the cost 
of raw material at the mill, per barrel of cement, will vary not 
only- with the cost of excavation but with the kind of material 
in use. 
In dealing "ith hard, dr." material ,extracted from open quar-
ries near the mills, the cost of mining raw materials may vary be-
tween eight cent and fifteen cents per barrel of cement. The 
lower figure named i probably about the lowest attainable with 
*22d An n. Rept. U. S . Geol. Surv., pt. 3, p. 657. 
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good management and under favorable natural conditions; the 
higher figure is probably a maximum for fairly careful manage-
ment of a difficult quarry under eastern labor conditions. When 
it is necessary to mine the materials, the cost will be somewhat 
increased. Cement rock has been mined ,at a cost equivalent 
to ten cents per barrel of cement, but this figure is attained under 
particularly favorable conditions. The cost of mining and trans-
portation may reach from this figure up to twenty cent per 
barrel. 
With regard to wet marls and cl1ays, it is difficult to give even 
an approximate estimate. It seems probable, however, when 
the dead weight handled i allowed for, that these soft ma-
terials will cost almost as much, delivered at the mill, per barrel 
of finished cement, as the hard dry limestones and shales. 
Methods of Manufacture. 
If, as in the present discussion, we exclude from consideration 
the so-called "natural Portlands," Portland cement may be re-
garded as being an artificial product, obtained by burnino- to 
semi-fusion an intimate mixture of pulverized materials, this 
mixtUl'e containing lime, silica ,and alumina, v1arying in propor-
tion 'only within cel1tain narrow limi t ; and by eru -hing :finely the 
clinker resulting from thi burning. 
If this restricted definition of Portland cement be accel ted, 
four points may be regarded as being of eardinal importance in 
its manufacture. These are: 
(1) The cement mixture must be of the proper chemical com-
position. 
(2) The materials of which it is composed must be carefully 
ground and intimately mixed before burning. 
(3) The mL'{ture must be burned at the proper temperai1!re. 
(4) After burning, the resulting clinker must be finely 
ground. 
The first named of these points, the chemical composition of 
the mixture, can be more advantageously discussed after the 
other three points hav'e been disposed of. The subject will there-
fore be taken up in the following order : 
Preparation of tbe mixture for the kiln. 
I 
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Burning the mixture. 
Grinding the clinker, addition of gypsum, etc. 
• Composition and properties of Portland cement. 
PREPARATION OF THE MIXT"URE FOR THE KILN. 
The preparation of the mixture for the kiln involves the reduc-
tion of both of the raw materials to a very fine powder, and their 
intimate mixture. In practice the raw materials are usually 
crushed more or less finely, and then mixed, after which the final 
reduction to powder takes place. Two general methods of treat-
ment, the dry and the wet, are in use at different plants. Unless 
the limy constituent of the mixture is a marl, already full of 
water, the dry method is almost invariably followed. This con-
sists merely in keeping the materials in as dry a condition as 
possible throughout the entire process of crushing -and mixing; 
and, if the raw materials originally contained a little moisture, 
they are dried before being powdered and mixed. In the wet 
method, on the other hand, the materials are powdered and 
mixed while in a very fluid state, containing sixty per cent or 
more of water. 
Drying the raw materials.-With the exception of the marls 
and clays used in the wet method of manufacture, Portland ce-
ment materials are usually dried before grinding is commenced. 
This is necessary because the raw materials, a s they come from 
the,quarry, pit or mine, will almost invariably carry appreciable, 
though . often very small, percentages of water, which greatly 
reduces the efficiency of most modern types of grinding mills, 
and tends to clog the discharge screens. 
P ercentage of water in ret1£' mate'rials.-The percentage of 
water thus carried by the crude raw material will depend largely 
on the character of the material; partly on the method of hand-
ling and storing it; and partly-on weather conditions. 
In the case of hard limestones, fre shly quarried, the water will 
commonly range from 1/2 to 3 per cent, rarely reaching or exceed-
ing the higher figure except in the very wet quarries or during 
the rainy season. Such limestones, comparatively dry when 
quarried, are frequently sent to the grinding mills without arti-
ficial drying. 
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With the soft, chalky limestones, which absorb water very 
Tapidly, the percentage can usually be kept down to 5 per cent 
'01' less in dry weather ;·while prolonged wet weather may neces-. 
sitate the handbng at the mill of material carrying ,as high as 15 
:to 20 per cent of .water. 
The clays pre ent a much more complicated case. In addition 
to the hygroscopic or mechanically-held water that they may con-
tain, there i,s 'al 0 ,ahmys present a ~ertain percentage of chem-
ically ~ombined water. The amount of hygposcopic water present 
will depend on the treatment and exposure of ,the clay ; and may 
vary from 1 per oent '01' so in clays whi.ch have been stored 'and air 
dried to as high as 30 per cent in fresh clays. The chemically 
combined w.ater will depend lar'gel~- on the composition of the 
clay,and may vary from 5 to 12 per cent. The hygroscopic or 
mechanically-held water of clays can be driven off at a tempera-
ture of 2120 F., while the chemicall~- combined w.ater is lost only 
at a low red heat. The total water, therefore, to be driven off 
from clays may range from 6 to 42 per cent, depending on the 
weather, the drainage of the clay pit, and the care taken in pre-
venting unnecessary exposure to moisture of the excavated clay. 
'The average total amount of moi ture will probably be about 15 
-per cent. 
In dealing with shales, the mechanically-held water will rarely 
Tise above 10 per cent, and can commonly be kept well below that 
limit. An additional 2 to 7 per cent of water will be carried by 
any hale, in a state of chemical combination. 
At a few plants marl is u ed, with clay, in a dry process. As 
noted elsewhere ,the marls, as excava,ted, carry usually about 50 
per cent of water. This case presents a more difficult problem 
than do the o,ther raw material, because the vegetable matter 
usually present in marls is extremely retentive of water. 
It will be seen, therefore, that cement materials may carry 
from one per cent to fift~- per cent of w.ater when they reach the 
mill. In a dry process it is necessary to remove practically all 
of thi.s water before commencing the grinding of the materials. 
One reason for this is that fine pulverizing can not be econom-
ically or atisfactorily accomplished unless absolutely dry mate-
rial is fed to the grinding machinery. Another reason, which is 
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'One of convenience rather than of necessity, is that the presence 
of water in the raw materials complicates the calculation of the 
cement mixture. 
Methods and costs of drying .-The type of dryer commonly 
used in cement plants is a cylinder approximately five feet in 
diameter and forty feet or so in length, set at a light inclination 
to the horizontal and rotating on bearings. The wet raw material 
is fed in at the upper end of the cylinder, ,and it moves gradually 
toward the lower end, under the influence of gravity, as the cyl-
inder revolves. In many dryers angle irons are bolted to the 
interior in such a way a, ,to lift and drop the raw material 
alternately, thus exposing it more completely to the action of the 
heated gases, and materially assisting in the drying proces . 
The dried raw material falls from the lower end of the cylinder 
into an elevator boot, and is then carried to the grinding mills. 
The drying cylinder is heated either by a separate furnace or 
b~- waste gases from the cement kiln. In either case the prod-
ucts of combustion are introduced into the cylinder at its lower 
end, ar,e drawn through it, and escape up a stack set at the upper 
end of the dryer. 
The dryer above described is the simplest, and is most com-
monly used. For handling the small percentages of water con-
tained in most cement materials it is very efficient, but for deal-
ing with high percentages of water, uch as are encountered when 
marl is to be used in a dry process, it seems probable ,that double 
hea:ting dryers will be found more economical. This type is ex-
emplified by the Ruggles-Coles dryer. In this dryer a double 
cylinder is employed. The wet raw material is fed into the 
pace between the inner and outer cylinders, while the heated 
gases pass first through the inner cylinder, and then, in a reverse 
direction, through the space between the inner and outer cylin-
ders. This double heating type of dryer is employed in almo t 
all of the s].ag cement plants in the United States, and is also in 
use in several Portland cement plants. 
When vertical kiln were in use, drying floors ,and drying tun-
nels were exten ively u ed, but at present they can be found in 
only a few plants, being everywhere else supplanted by the rotary 
dryers. 
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The cost of drying will depend on the cost of fuel, the per-
centage of water in the wet material and the type of dryer. Even 
under the most unfavorable conditions five pounds of water can 
be expected to be evaporated per pound of coal used, while a 
good dryer will usually evaporate seven or eight pounds of water 
per pound of coaL 
GRINDING AND MIXING; 
DRY METHODS. 
Part, at least, of the grinding is usually accomplished bef,or·e 
the drying, but for convenience thesubjeC'ts have been separated 
in the present paper. Usually the limestone i.s sent through a 
crusher at the quarry or mill before being dried, and occasionally 
the raw material is further reduced in a Williams mill, etc., 
before drying, but the principal part of the reduction always 
takes place after the material has been dried. 
After the two raw materials have been separately dried they 
may be mixed immedia'tely,or each may be further reduced sep-
arately before mixing. Automatic mixers, of which many types 
are on the market, give a mixture in pr,oportions determined 
upon from analysis of the materials. 
The further reduotion of the mixture is usuaHy carried on in 
two stages, the material being ground to about thirty mesh in a 
ball mill, komminuter, Griffin mill, etc., and finally reduced in a 
tube milL At a few plants, however, single stage reduction is 
praeticed in Griffin or Huntington mills, while at the Edison 
plant at Stewartsville, New Jersey, the reduction is accomplished 
in a series .of rollers. 
The majority of plants use either the Griffin mill and tube mill 
or the ball and tube mills, .and there is probably little difference 
in the cost of operating these two combinations. The ball mill 
has never been quite as much of a success as its companion, the 
tube mill, and has been replaced at several plants by the 
komminuter. 
Fineness of mixture.-:-After its final reduction, and when 
ready for burning, the mixture will usually run from 90 to 95 
per cent through a 100-mesh sieve. In the plants of the Lehigh 
district the mixture is rarely crushed a's fine :as when limestone 
and clay are used. Newberry* has pointed out in explanation 
• Twentieth Ann. Rept . U. S. Geol. Surv., pt. 6, p.StS . 
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for this that an argillaceous limestone (cement rock) mixed with 
a comparatively small quantity of purer limestone, as in the 
Lehigh plants, requires less thorough mixing and less fine grind-
ing than when a mixture of limestone and clay (or marl and clay) 
i used, for even the coal' er particles of argillaceou limestone 
will vary so little in chemical composition from the proper mix-
ture as to affect the quality of the re ulting cement but littl e, 
should either mixing or grinding be incomplete ly accomplished. 
A very g,ood example of typical Lehigh Valley grinding of raw 
material is afforded by a specimen'x, examined by Prof. E. D. 
Campbell. This sample of raw mixture ready f'or burning was 
furnished by one of the best of the eastern Pennsylvania cement 
plants. A mechanical analysis of it .. howed the following 
results : 
Mesb 01 Sieve 
50 100 200 
Per cent passing ....................... . ..... . ... . .. .. . 1 
Per cent residue ... . ........... . ...................... . 
96.9 I 85.0 I 72.4 
3.1 14.4 27.0 
The material, therefore, is so coarsely ground that only a trifle 
over 85 per cent passes a lOO-mesh si'eve. 
WET METHODS. 
"Vet methods of preparing Portland cement mixtures date 
back to the time when millstones .and similar crude grinding 
coutrivances were in use. 'With such imperfect machinery it was 
impossible to grind dry materials :fine enough to give a good 
Portland cement mixture. The advent of good grinding machin-
ery has practically driven ,out the wet methods of manufacture 
in this country, except in dealing with materials such as marls, 
which naturally carry a large percentage of water. One or two 
plants in the United State do, it is true, deliberately add water 
to a limestone-clay mix,tnre; but the effect of thDs practice on the 
cost sheet· of the 'e remarkable plants is not encouraging. 
In preparing cement mixtur.es from marl and clay, a few plants 
dry both materials before miring. It seem I robable that this 
practice will spread, for the wet method of mixture is inherently 
·Jour. ArneI'. Cbern. Soc., vol. 25, p. 1106. 
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expen. ive. At present, however, almost all marl plants use wet 
methods of mixing, and j t is therefore necessary to give some 
pace to a discussion of such methods. 
Certain points regarding the location, physical condition, and 
dhemical composition of the marls and clays used in such mix-
tures have important effects upon the cost of the wet proce$s. 
As regards location, considered on a large scale, it must be borne 
in mind that marl deposits of workable size occur only in the 
Northern States and in Canada. In consequence the climate is 
unfavorable to continuou working throughout the year, for the 
marl is usually covered with water, and in winter it is difficult 
to qecure the material. In a minor sense location is still an im-
portant factor, for marl deposits necessarily and invariably are 
found in depre sions; and the mill must, therefore, just as nec-
essaril~-, be located at a higher level than it source of raw mate-
rial, which involves increased 'expense in transporting the ra" 
material to the mill. 
Glacial clays, which are usuall,\' employed in connection with 
marl, commonl~- carry a much larger proportion of sand and 
pebbles than do the edimentary clays of more southerly regions . 
The effect of the water carried by the marl has been previously 
noted. Th e material as excavated will consist approximately of 
equal "eights of lime carbonate and ,of water. This, on the face 
of it, "ould seem to be bad enough a s a business proposition; 
btl t \\e fin 1 tha t in practice more water is often adder! to permit 
the marl to be pumped to the mill. 
On the arrival of the raw materials at the mill the clay is 
often dried, in order to implify ,the calculation ,of the mixture. 
The reduction of the clar is commonly accomplished in a disin-
,tegrator or in edge-runnel' mills, after which 'the material is fur-
ther reduced in a pug mill, sufficient water being here added to 
enable it to be pumped readily. It is then ready for mixture with 
the marl, which at orne point in its course has been screened to 
remove . tones, wood, etc., as far as possible. The slurry is fur-
ther ground in pug mills or wet grinding mills of the disk type; 
while the final reduction ,takes place commonly in wet tube mills. 
The slurry, now containing 3'0 to 4'0 per cent of solid matter and 
7'0 to 6'0 per cent of w.ater, is pumped into storage tank, where 
it is k,ept in constant agitation to avoid settling. Analyses of the 
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slurry are taken at this point, and the mixture in the tanks is cor-
rected if found to be of unsatisfactory composition. After 
standardizing, the slurry is pumped into the rotary kiln. Owing 
to the large percentage of water contained in the slurry the fuel 
con umption per barrel 'of finished cement i,s 30 to 50 per cent 
greater, and the ,output of each kiln correspondingly Ie than in 
the case of a dry mixture. 
It may be of interest, for comparison with the above descrip-
tion ,of the wet pl'ocess with rotary kilns, to insert a de. cription 
of the semi-wet proc'ess as carried on a few yelars ago at the 
dome kiln plant of the Empire Portland Cement Company of 
Warners, N. Y. The plant has been remodeled since that date, 
but the process'es formerly followed are still of interest, as they 
resulted in ,a high grade though expensive product. 
At the Empire plant the marl land clay rare obtained from a 
SWJaInp about three-fourths of a mile from the mill. A revolving 
derrick with clam-shell bucket was employed for excavating the 
marl, while the clay was dug with shovels. The materials were 
taken to the work,s over a private narrow-gauge r,oad, on oars 
carrying about three tons each, drawn by a small locomotive. At 
the mill the cars were hauled up an inclined track, by means of 
a cable and drum, to the mixing floor. 
The clay was d6ed in the Cummer " salamander" driers, after 
which it was allowed to 0001, and then carried to the mills. These 
mills were the Sturtevant" rock emery" type, land reduced the 
clay to a fine powder, in which condition it was fed, after being 
weighed, to the mixer. The marl was weighed ,and sent di-
rectly to the mixer, no preliminary treatment being necessary. 
The ,average charge was about 25 per cent clay and about 75 
per cent marl. 
The mixing was carried on ina mixing pan twelve feet in 
diameter, in which two large rolls, each ahout five feet in diam-
eter and siX'teen-inch face, ground 'and mixed the materials 
thoroughly. The mixture was then sampled and analyzed, af/ter 
which it wa carried by 'a belt conveyor to two pug mills, 
where the mixing was 00mpleted and the slurry formed into 
slabs about three feet ~ong and four to five inches in width and 
height. These 'on issuing from the pug mill were cut into a 
number 'of sectionsoas to give bricks labout six inches by 
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foOur inches by four inches in size. The bricks were then placed 
on slats, which were loaded on rack cars and run into the dry-
ing tunnels. The tunneLs were heated by waste gases from the 
kilns and required froOm twenty-four to thirty-six hours to dry 
the bricks. 
After drying, the brick,s were fed into dome kilns, twenty of 
which were in use, being charged with al,ternate Layers of coke 
and slurry bricks. The coke charge for a kiln Wras ahout foOur 
or fiv·e tons and this produced 'twenty to twenty-six tons of 
clinker at ·each burning, thus giving ,a fuel consumption of 
about 20 per cent, tas c.ompal'ed with the 40 per cent or s,o r·e-
quired in the rotary kilns using wet materials. From thirty-
six to forty hours were required f'or burning the charge. After 
cooling, the clinker was shoveled out, picked over by hand, and 
reduced in a Blake crusher, Smidth hall miHs, ,and Davidsen tube 
mills. 
Composition of mixture.-The cement mixture ready for burn-
ing will commonly contain fr·om 74 to 77.5 per cent of lime car-
bonate, or an ·equivalent proportion of lime oxide. Several an-
aly'ses ·of actual cement mixtures are given in the following 
table. Analysis No.1, with its relatively high percentage of 
magnesia, ~s fairly typical of Lehigh Valley practice. Analyses 
Nos. 2 and 3 show mixtJ.lres low in lime, while analysis No. 4 is 
probably the best proportion of the four, especially in regard to 
the ratio between silica and :alumina plus iron. This ratio, for 
ordinary purposes, should be about 3 :1, as the cement becomes 
quicker -setting and lower in ultimate strength 'as the percentage 
of alumina increases. If the alumina percentag.e -be carried too 
high, moreover, the mixtur·e will give ta fusible, sticky clinker 
when burned, causing trouble in the kilns. 
Analyses of cement mixtures. 
1 2 3 4 
Silica (Si0 2 ) ..... ........ ....... ... .. ..... 12.62 13.46 13.85 14.77 
Alumina and Iron oxide(Al 2 0 a + Fe2 Oa) .. 6:00 ? 7.20 4.35 
Carbonate of lime (CaCOa) ............ ~ ... 75.46 73.66 73.93 76.84 
Magnesium oxide (MgO) .......... ........ '2.65 ? ? 1. 74 
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BURNING THE MIXTURE. 
After the cement mixture has been carefully prepared, as 
described in preceding page, it mu t be burned w~th equal care. 
In the early day of the industry a impl e vertical kiln, much 
like that used for burning lime .and natural cement, wa u ed for 
burning the Portland cement mixture. The e kiln, while fairly 
efficient so far a . fuel consumption was concerned, were expen-
ive in labor, and their daily output wa ' small. In France and 
Germany they were s'oou supplanted by impI~oved types, but still 
stationary and vertical, which gave very much ],ower fuel con-
sumption. In Amerioa, however, where labor is expensive while 
fuel i. comparatively cheap, an entirely different style of kiln 
has been evolved. This is the rotary kiln. \¥ith the exception 
of a ven' few of the older plant, which have retained vertical 
kilns, all American Portland cement plant are now equipped 
with rotan" kilns. 
The hi. tory of the gradual ev·olution 'Of the rotary kiln i of 
great interest, but ,as the subject can not be taken up here, refer-
ence should be made to the papers cited below* in which details, 
ctuoompanied often by illu trations of e·arly types of rotary kiln, 
arc given. 
The design, con truchon and operation of the veDtical sta-
tionary kilns of various type. is discussed in many reports on 
Portland cement, the most ati factory ingle paper being prob-
ably that referred to below. \ A · the subject is, in America at 
lea. t, a matter simply of historic-al intere t, no description of 
these kilns or their operation will be given in the present paper. 
At present, pr.acti e in burning at the different American ce-
ment plants is rapidly ,approaching uniformity, though difference 
in materials etc., will alway prevent fab olute uniformity from 
• Duryee. E., The nrst manufacture of Portland cement by the direct rotary kiln pro-
cess. Engineering News, July 26, 1900. 
Le lie, R . W., History 01 the Portland cement industry in the United States, 146 pages, 
Philadelphia, 1900. 
LewiS, F. B ., The American rotary kiln process ior Portland cement; Cement Industry, 
pp. 188-199, New York, lWO. 
Matthey, B., Tile Invention of the new cement- burning method . Engineering and 
Mining Journal, Vol. 67, PP. 555, 705, 1899. 
tanger , W. B., and Blount , B., The rotary process of cement manufacture. Proc. 
Institute Civil Engineers, Vol. 145, pp. 44-136, 1901. 
Editorial, The influence 01 the rotary kiln on the development of Portland cement manu-
fa'cture in America. Engineering News, May 3,1900. 
tStanger , W. B., and Blount, B., Gilbert, W., Candlot, E .• and others (Discussion of 
the value, design and results obtained from various types of IIxed kilns). Proc. Institute 
Civ!l Engineers, Vol. 145, pp. 44-48, 1-'82,95-100. 1901. 
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being reached. The kiln in which the material is burned is now 
almost inv,ariably ,of the rotary type, the rotary process, which is 
essentially Amerioan in its development, being based upon the· 
substitution of machines for hand labor wherever possible. A 
brief summary ·of the process will first be given, after which cer-
tain subjects of interest will be taken up in more detail. 
SUMMARY OF BURNING PROCESS . 
As at present used, the r.otary kiln is a steel cylinder from 
about six to eight feet in diameter; its length, for dry materials, . 
has usually been sixty feet, but during the past year many eighty-
foot, one hundred-foot ,and even longer, kilns are frequently 
employed. 
This cylinder is set ina slightly inclined position, the inclina-
tion being approximately one-half inch to the foot. The kiln is 
lined, except near the upper end, with very resistant fire brick, 
t'o withstand bo,th the high Itemperalture to which i,ts inner surfa,ce 
is subjected and also the destructive action of the molten clinker. 
The cement mixture is fed in ,at the upper end ·of the kiln, while· 
fuel (which may be either powdered coal, oil, or gas) is injected 
at its lower end. The kiln, which rests upon geared bearings, 
is slowly revo!lved about its ,axis. This rev·olution, in connection 
with the inclination at which the cylinder is set, gradually carries 
the cement mixture to the lower end of the kiln. In the course of 
this journey the intense he,at generated by the burning fuel first 
drives off the water and carbon dioxide from the mixture, and 
then causes the lime, silica, alumina and iron to combine chem-
ically to form the partially fus·ed mass known as "cement 
clinker. " This clinker drops out of the lower end of the kiln, is 
cooled so as to prevent injury to the grinding machinery, and is . 
then sent to the grinding mills. 
THEORETICAL FUEL REQUIRE~iENTS. 
As ·a preliminary to a discussion ·ofactual practice in the mat-
ter of fuel, it will be of interes,t to determine the heat units and' 
fuel theoretically required in the manufacture of Portland ce-
ment fr·om a dry mixture of normal 00mpos~tion. 
In burning such a mixture to a clinker, pmctically all of the· 
heat consumed in the operation will be that required for the dis-
sociation of the lime oarbonate present into lime oxide and car-
~---------
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bon dioxide. Driving off the water of combination that is ehem-
ically held by the clay or shale, and decomposing any calcium 
sulphate (gypsum) that may be present in the r,aw materials, will 
require a small additional amount of heat. The amount required 
for these purposes is not accurately known, however, but is prob-
ably so mall that it will be more or les entirely offset by the 
heat which will be liberated during the combination ·of the lime 
with the silica and alumina. We may, therefore, without sen ible 
error, regard the total heat theoretically required for the produc-
tion of a barrel ,of PortLand cement a being that which is neces-
f';an' for the dissoci13,tion ·of 450 pounds of lime carbonate. 'Vith 
coal of a tllel'mal value of ] 3,500 B. T. D., burned with onl~7 the· 
ail' suppl~' demanded b~' theon-, thi di. oelation will require-
251/:? pound of 00al per barrel of cement, a fuel consumption of-
only 6.6 per eent. 
LOSSES OF HEAT IN PRA CTICE. 
Tn pi'acti ce with the rotary kiln, however, there are a number 
of dis,tinet f';O lll'ce. oflo f'; of hea.t, whieh result in a fuel consump-
tion immensely greater than the ,theoretical requirements given 
above. The more important of the .. e f';OUl'ees ,of lo.'s are the fol-
lowing : . 
1. The kiln gaf';es al'e discharged ,at a temper.ature much a1 ove 
thaJt of the atmo"phel'e, ranging from 300° F. 'to 2,000° F., acco rd -
ing to the type of ma'tel'ialf'; used and the length of the ki In. 
2. The clinker is di'scharged at a temperature v'ar?ing from 
:iOO° F. to :2,500° F ., ,the ranO'e del ending, as before, on materia,ls: 
and length of the kiln. 
:3. The ail' f';upply injected into the kiln is always greater, and 
nsua11)' vel'." much greater, than ,tha t required for Ithe perfect 
eombustion of the fuel; and the available heating power of the 
fuel is thel'eb~- r educed. 
-t. Heat i . lost b~' radiation from the endf'; and exposed sur-
faess of 'the kiln. 
5. rrbe mixture, in pl1ants using a wet process, carrie a high 
percentage of water, which must be driven off. 
It is evident, therefore, ,that present-day working conditions: 
serve to increase greatly the amount 'of fuel actually neces. ary 
5 
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for the production of a barrel of cement above that required by 
theory. 
ACTUAL FUEL REQUIREMENTS AND OUTPUT. 
Ro,tary kilns are nominally rated at a production of 200 bar-
rel s pel' day per kiln. E:'en on dry and easily clinkered materials 
and with good coal, however, . ueh an output is not commonly 
attained. N ormall~' a k:iln working a dry mixtme will produce 
from 160 to 180 barrels of cement pel' day of twenty-four hoUl's. 
In doing this, if good coal is used its fuel consumption will com-
monly be from 120 to 1-/.0 pounds of coal per barrel of cement, 
though it may range a' high ,as] 60 pounds, and, on the other 
hand, ha. fallen as 10" as 90 pounds. An output of 175 barrel 
pel' da:,-, with a coal 'con. 'umption ,of 130 pound per barrel, may 
therefore be considered a. repre enting the re ults of fairly good 
p:raotice on dry materi,al. In dealing with a wet mixture, which 
may cany anywhere from 30 to 70 per cent of water, the resuUs 
are more variable, though always worse than with dn- materials. 
In working a si:s:t~--foot kiln Ion a wet material, the output ma)' 
range fr-om 80 to 140 barrels pel' clay, "iiJh a fuel consumption of 
from 150 ,to 230 pounds per barrel. U ing a longer kiln, part ly 
drying the mixture, and utilizing waste healt, will of cour-se im-
prove these figures materially. 
Wben the heavy Western oils ,are used f'or kiln fue l, it ma:,' be 
considered that one gallon of oil is equivalent in the kiln to 
about ten pounds of coal. The fuel oonsumption. usin o - dry rna-
teri<als, will ·range between eleven and fourteen ga Ilons of oil pel' 
barrel of cement; but the ,output per da," is always somewhat less 
with oil fuel than where -coal is used. 
Natural gas in the kiln may be compared with g-o'od Pennsyl-
vania coal by allowing about 20,000 to 30,000 cubic feet of g1as as 
equivalent to a ton of coal. This es,timate is, however, based 
upon too few data bo be as close as tho,se above given flor oil lor 
coal. 
EFFECT OF COMPO~ITION ON BURNING. 
The differences in composition between Port1and cement mix-
tures are very slight if compared, for example, with the dif-
ferences between variou natural cement I'ocl~s. But even such 
slight diff-erences as do exist exercise a very appreciable effect 
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on the burning of rthe mixture. Other ,thing~s being equal, any 
increase in the percentage of lime in the miXiture will necessi-
trute 'a higher ,temperature in order to get an equally ,sound 
cement. A mixture which will give cement carrying 59 per cent 
of lime, for ,example, will r,equire much les. thorough burning 
than would a mixture designed to give a cement with 64 per 
cent of lime. 
With equal lime percentages, the cement carrying high silica 
and low alumina 'and iron will require la higher tempera,ture than 
if it were lower in ilioa and higher in ,alumina and ir,on. But, 
on the other hand, if the alumina and iron ar'e .carried too high, 
the clinker will ball up in the kiln, forming ticky and unman-
ageable mas. es. 
CHARACTER OF KILN COAL, 
The fuel mo t commonly used in modern rotary kiln practice 
is b1tuminous coal, pulverized very finely. Coal for this pur-
pose 'sholud be high in volatile matter, and a low in ash and 
sulphur ,as possible. Rusell gives ,the following analyses of 
West Virginia land Pennsylvania coals used at present at vari-
ous cement plants in Michigan: 
.A na,lyses of kiln coals . 
Fixed carbon. . . . . . . . . . . . . . . . . . ·')6.15 56.33 ;)5 .82 51. 69 
Volatile matter ....... ,... . .... 35.41 35.26 39 .!'l7 39,52 
Ash........ .. ...... . .. .. . . ... . {j ,36 7.06 3.~1 6.13 
Moisture . .... . .... .... .. ... . . . 2.08 1.35 1,00 1,40 
Su lphur ..................... _ .. -'--__ 1_.3_0_-"-_1_. 3-l 0.4_2 ---, __ 1_. 4-,,6_ 
The oOial as usually bought is either" slack" or "run of mine. ' , 
In ,the lrutter case ~t is necess1ary ,to crush the lumps beior,e pro-
ceeding further with ibhe preparrution of the coal, but with slack 
this preliminary crushing is not necessary, and ,the material 
can go directly to the dryer. 
DRYING COAL. 
Coal as bought may carry as high as 15 per cent ,of water in 
winter or wet season. Uusally it will run from 3 to 8 per cent. 
To secure good result from ,the crushing machinery it is neces-
sary that this water should be driven ,off. For coal drying, as 
nor the drying of raw materials, the rotary dryer seems best 
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adapted to American condiltions. lIt should be said, howeverr 
that in drying coal ~t is usually considered inadvisable to allow 
the products of combustion to pass through the cylinder in 
which the coal is being dried. This restriction serves to de-
crease slightly the possible economy of the dryer, but an evap-
oration of six to eight pounds of water per pound lof fuel coal 
can still be counted on with any good dryer. The fuel cost of 
drying coal 00ntaining 8 per cent of moisture, allowing $2 per 
ton for the coal used as fuel, will therefore be about three to 
flour cents per ton of dried produC't. 
PULVERIZING COAL. 
Though apparently brittle enough when in large lumps, coal 
is a difficul t material to pulverize finely. F ,or 'cement kiln use,-
the fineness of r·eduotion is very v,ariable. The finer the coal is 
pulverized the better results will be obtained from it in the kiln; 
and the poorer the quality -of the coal the finer i:t is necessary to 
pulverize it. The fineness aJttained in practice may therefore 
vary from 85 per cent, through a 100-mesh sieve, to 95 per cent 
or more, thI'lough the same. Art; one plant a very poor but cheap 
coal is pulverized to pass 98 per cent ,through a 100-mesh sieve, 
and in consequence gives very good results in the kiln. 
Coal pulverizing is usually carried on in two 'stages, the ma-
terial being first crushed to 20 to 30-mesh in a Williams mill 
or ball mill, and finally reduced in a tube mill. At many plants, 
however, Ithe entire reduction takes place in one stage, Griffin or 
Huntington mills being used. 
TOTAL COST OF COAL PREPARATiON. 
The total cost of -crushing (if necessary), drying and pulver-
izing coal, and of conveying and feeding 11he product to the kiln, 
together with f.air allowances for replacements and r.epairs, and 
for interesrt; on the plant, will probably range from about twenty 
to thirty cents per ton of dried coal, for a 4-kiln plant. This 
will be equivalent to a cost of from three to five cents per barrel 
of cement. While this may seem a heavy addition to the cost of 
cement manufacture, it should be remembered that careful dry-
ing and fine pulverizing enable the manufacturer to use much 
poorer~and therefore cheaper-grades of coal than could other-
WIse be utilized. 
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CLINKER GRINDING. 
The power and machiner:r required for pulveri.zing the clinker 
at a Portland cement plant using ,the dry process of manu-
facture is very nearly the same .as ,that required for pulverizing 
the ra'iY materials for the same output. This may eem, at first 
sight, improbable, for Portland cement clinker is much harder 
to grind than any po sible combination of raw materials; but 
it must be remembered that for every barrel of cement pr,oduced 
about 600 pounds of l'aW materials must be pulverized, while 
onI.,- a scant 4-00 pounds of dinker will be treated, and tJhat the 
la rge crusher.' requ ired for some raw ma:teriaJs ,can be dis-
pensed with in cru. hing clinker. With this exceptioon, the raw 
materia 1 side 'and the clinker side of a dry-process Portland 
cement pl,ant are m;uall~T almost or exactly duplicates. 
The difficul t~·, and in consequence the expense, of grinding 
clinker will depend in large part on the chemical composihon of 
the clinker and on the temperature at whi0h it has been burned. 
The difficu lt:,- of grinding, for example, increases with the per-
centage of lime carried by the clinker; and a clinker containing 
64 per cent of lime will be very noticeably more resistant to 
pulverizing than one carrying 62 per cent of lime So far as 
regards burning, it may be said in general that ,the more thor-
oughly burned Hle clink'er the more difficult it will be to grind, 
assuming that its chemical composi,tion remains ,the same. 
The tendency among engineers at present is to demand more 
finel~- ground cement. While <this demand is doubtless justified 
by the l'esultsof compal'ative tests 'of finely ,and coarsely ground 
cements, it must be borne in mind that any increase in fineness 
of grinding means a decrease in the product per hour of the 
grinding mills employed, and a consequent increase in the cost 
of cement. A t ,orne point in the process, therefore, the gain in 
s,trength due to fineness of grinding will be counter-balanced 
by the increased cost of manufacturing the more finely grolmd 
product. 
The increase in the required fineness has been gradual but 
steady during recent years. Most specifications now require 
at least 90 per cent to pass a 100-mesh siev,e; a number require 
92 per cent ; while a few important specifications require 95 per 
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cent. Within a few years it is probable that almost allspecifi-
cations will go 'as high as this. 
ADDITION OF GYPSUM. 
The cement produced by the rotary kiln is invariably natu-
rally ,so quick-setting as ,DO require rthe 'addition of sulphate of 
lime. This substance, when added in quantities up to 21/2 or 3 
per cent, retards the rate of set of the cement proportionately, 
and appears to ex,ert no injurious influence on the s'trength of 
the cement. In amounts above 3 per cent, however, its retard-
ing influence seems to become at least doubtful, while a decided 
weakening of the cement is notice,able. 
Sulphate of lime may be added in one of two forms, ei,ther as 
crude gypsum or as burned plaster. Crude gypsum is a natural 
hydrous lime sulphate, containing ahout 80 per cent of lime sul-
phate and 20 per cent 'of water. When gypsum is calcined at 
temperatures not exceeding 4000 F., mos't of its contained water 
isdriv,en off. The" plaster" remaining carries about 93 per 
cent of lime SUlphate, with only 7 per cent of walter. 
In Por,tland cement manufacture either gypsum or burned 
plaster may be used ,to retard the set of the cement. As a mat-
ter of fact, gypsum is the form almost universally employed in 
the United States. This is merely 13 question of cost. It is 
true, that to ,secure the same amount of retardation of set it 
will be necessary to add a little more gypsum than if burned 
plaster were used; but, on rtheother hand, gypsum is much 
cheaper than burned pLaster. 
The addition of the gypsum to the clinker is usually made 
before it has passed into the ball mill, komminuter, or whatever 
mill is in use f,or preliminary grinding. Adding it at this point 
secures much more thor,ough mixing and pulverizing than if the 
mixture were made later in the process. At some of the few 
plants which use plaster instead of gypsum, the finely ground 
plas,ter is no,t added until the clinker has received its final grind-
ing and is ready for storage or pach'ing. 
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Constitution of Portland Cement. 
During recent year,s much attention has been paid by vari<ous 
investigators to the constitution of Portland cement. The 
chemical composition of any particular ,sample <ran, of course, 
be readily determined by analysis, and by comparison of a 
number of such analy,ses, general statements can be framed as 
to ,the range in (lIomposition of good Portland cements. 
The chemical 'analy,sis will determine w.!jat ingredients are 
present, and in what percentages, but other methods of investi-
gation ,are necessary to ascertain in what manner these various 
ingredients are combined. A summary only of the more impor-
tant results br,ought out by these investigations on the constitu-
tion of Portland cement will be given in this place. 
It would seem to be firmly es,tablished that, in a well burned 
Portland cement, much ·of ,the lime is combined with most of the 
silica to form the compound 3 CaO. SiO~, iricalcic silicate. To 
this compound are ascribed,in large measure, the hydraulic prop-
erties of ,the cement, ,and in general it . may be 'said that the 
value of a Portland cement increases directly as the proportion 
of 3 CaO. SiOz• The ideal Portland eement, toward which ce-
ments as actually made tend in composition, would consist ex-
clusively ,of tricalcic silicate, and would be, ,therefor,e, composed 
entirely of lime and silica, in the fonowing proportions: 
Lime (CaO) ... ...... ..... ... . .. . .. ... 73.6 
Silica (SiOz) .... .. ..... . .. •.......... 26.4 
Such an ideal cement, however, can not be manufactured un-
der present commercial conditions, for the heat required to 
clinker such a midure can not be at,tained in any working kiln. 
Newberry has prepared such mixtures by using .the oxy-hydro-
gen bl'owpipe; and the electrical furnace will ,also give clinker 
of this composition; but a pure lime-silica PmUand is not po,s-
sible under present day condi,tions. 
In order to prepare Portland cement in ,actual practice, there-
fl()re, it i,s necessary that some other ingredient or ingredients 
should be present to ,serv,e as a flux in aiding the combinati<on 
of the lime and ,silica, and such aid i,s afforded by the presence 
of alumina and iron oxide. 
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Alumina (A120 a) ,and iron oxide (F'e20 a), when present III 
noticeable percentJages, ,serve ,to reduce the temperature at 
which comb~n~tion of the lime and silica (,to form 3 CaO. Si02 ) 
takes plooe; and th~s clinkering temperature beeomes further 
and further lowered as the percentages of alumina and il'on are 
increased. The strength and Vialue ,of the product, however, 
.also decrease as ,the alumina and ir,on increase; so that inactllal 
practice it is Ilecessary ,to s,trikea baLance between the advan-
tage 'of low clinkering temperature land the disadvantage of 
weak cement, and to ,thus determine how much ,alumina and 
iron should be used in the mixture. Alumina affects the initial 
setting of cement, high alumina producing rapid while l,ow 
alumina pl'oduces slow setting. It is advisable ,to keep the 
alumina ,as low ,as possible, but high enough to secure ,a pl'oper 
clinkering temperature. High alumina causes a fusible sticky _ 
clinker liable to ball up in the kiln. Le Chatelier consider,s the 
alumina compounds in P'or.tland cement the cause of its disinte-
gration by sea water, ,the ,action being as foUows: 
The hardening of cement liberates free lime which reacts 
with the magnesium sulphate always present in sea-water to 
f.orm calcium sulphate . . This in turn reacts wirth the calcium 
aluminate of the cement to form 'suI ph-aluminate of lime, a 
<compound that swells on hydration, thus disintegrwting the 
whole mass. 
It is generally considered that whatever alumina is present 
in the cement is 00mbined with part of 1Ihe lime to form the 
compound 2 CaO. A120 a, dicalcic aluminrute. It is also held by 
s'ome, but ,this fact is somewhat less firmly established than the 
Last, that the iron pre,sent is c'ombined with the lime to form 
the compound 2 CaO. F e2 0 S ' Iron oxide in less lamounts than 
4 to 6 per cent is usually oalculated as alumina, but if more is 
present, the difference in ,their combining weights must be al-
lowed for . It decreases the clinkering ,temperatUl"e but differs 
fl'om alumina in giving a slower -setting cement. The darker 
colors of cements are usually pr,oduced by the iron oxide c'on-
tained. 
The European limit for magnesia is 3 per cent but good Port-
lands are made in the Lehigh Valley regioll with 4 to 5 per cent. 
P rofessor S. B. Newberry has proved that good cements can 
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be . made oarrying 10 per cent magnesia if due care be exercised 
in mixing and burning. Magnesia is regarded by some as equiv-
alent in its behav~or to lime and within limits it can be u sed to 
replace the latter if al10wance be made for the difference in 
their combining weights. It is ,theoretic-ally possi1ble to prepare 
a series 'of lime-magnesia cements parallel to Portland cements 
as now made. These will diff,er in quality and behavior and 
would not be properly dassified with Portlands. The amount 
of magnesia in P ,ortland cement is now generally restricted to 
less ,than 5 per cent. Lts detrimental effect takes place after 
the calcium compounds have hydI1ated and thus causes expansion 
which tends to destroy the structure of the cement. 
Sulphur may occur as sulphate or sulphide. In the rotary 
kiln, the usual oxidizing flame diss,ociates sulphates ,as follows: 
Oa804 + heat = CaO + S03' The S03 passes off as gas. If the 
flame is not sufficiently oxidizing, the CaS04 may be reduced to 
sulphide form. 
Alkalies in small per cents have been oonsidered detrimental 
by some, inert or beneficial by others, but their effect is not well 
known. The r,ate ·of setting is hastened by addition of alkali 
solutions. Most of the alkali in Ithe raw mixtur,e is prohably 
vo'latilized during the burning and would form a valuable by-
product if recovered from the flue gases. 
Phosphorus is seldom found in cement materials exc'ept marl. 
Its effect on cement is not definitely known, but is supposed to 
cause an increase in the ,tensile strength ,at first but a loss when 
the cement is older. . 
TESTING OF RAW MATERIALS TO DETERMINE AVAIL· 
ABILITY FOR THE MANUFACTURE OF 
PORTLAND CEMENT. 
A s is pointed out in preceding paragraphs, :the natural de-
posits from which Por,uand cement is made comprise limestone, 
chalk or marl and clay or ,shale . . In the exploitati,onof these . 
l"aW material,s there lare a number of factors to be taken into 
cO.nsidera tion. 
on page 50. 
The more important of these are enumerated 
Whether given beds are suitable, depends pri-
, 
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marilyon ,their chemical composition and physical character-
istics. Should these pwperties prove favorable, the extent of 
the deposi,ts, tha't is, Ithe quarutity of the raw materials available, 
mus,t be ascertained, before the strictly commercial and economic 
relations, transport'ation facilities, fuel supply and markets, 
are broug~ht under serious 00nsideration. 
Evidently, the llocation of the proper materials is the first 
step in exploitation. At ,the same ,time, ,the commercial factors 
must be kept in mind, for i,t would he useless to prospe0t for 
cement-making materials, las for any ,other economic pr,oduct, 
in regions which, because of their remoteness, preclude utiliza-
tion or development. Recalling, however, the fact that Port-
l,and cement requires limestone and clay in about the proportion 
of 3 to 1, it is lapparent that both ingredients need not be found 
in immediate proximity to each other. It is not unusual for 
cement plants to locate at ,the source of the lime, the clay or 
shale being transported for considerable distances. Suitable 
limestone, therefore, is the first essential,after which a cl,ay or 
shale must be found that will give a proper cement mixture in 
combination with the limestone. 
It is rarely, jf ever, the case that investig,ators are equipped 
with the necessary appanvtus f'or making practical tests of 
Davorable ma,terials. Such tests would include fine grinding, 
mixing and burning to clinker, besides pulverization of the 
burned cement and testing the setting properties of the product. 
In fact, there ,are few laboratories in ,this 00untry where te,sts 
of this nature are carried out. Investigations of p.or,tland 
cement materials have, up to the present, been limited substan-
tially to chemical ,and physical tests 'of the separate raw ingredi-
ents, dr,awing 00nclusions from these as to their ,suitability; 
the final and only absolutely conclusive test being performed 
on a large sC'iale in the completely equipped factory. 
It has proven a problem of some magnitude to devise equip-
ment with which can be imitated on a small scale the 00nditions 
to which cement materials are subjected in the factory. Burn-
ing tests have been especially ,troublesome, the designing of a 
small kiln in which the conditions could be accurately controlled 
and the necessary elevated temperatures produced, meeting 
with varying degrees of success. 
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It is, without doubt, due to the difficulties encountered in mak-
ing the pl'lootical ie -ts that more laHention has been giv'en to in-
direct methods of experiment. Experience has shown that not 
only must the limestone ,and shale be blended in certain propor-
tions but that the various elements in the shale, especially, mu t 
be pre ent in amounts bearing definite relahons to eaoh other 
or the proper mixture with ihe limestone is impossible. These 
f,actors depend alone on chemical composition. But the physieal 
condition of the mineral particles composing the day, and the 
limestone, if it be impure, is ofequa 1 importance. Of two clays 
with identical uHimate chemical composition, one might be em-
inently suitable and the second much less so or even valueless 
for making cement, on account of their dissimilar physical 
make-up. 
In general, the finer the grain ,of the clla:v and of the impurities 
in the source of the lime, the more favorable are the materials 
for cement purposes. Size of grain is not, however, the only 
physical fia000r to be taken into account. Since the burning of 
cement brings about a chemic-al union ,of the lime with the silica, 
alumina ,and irion, the suseeptibiMy of these latter compolmds 
to the attack of the lime is of great importance. Free silica in 
the shape of crystalline quartz sand if very fine, is readily at-
tacked at high temperatures. If the silica be present, however, 
in the non-cry talline or colloid eonditi>on, .or in combination with 
alkalis or alkaline earths as in the feldspars, or with a lumina 
as in clay it elf, the size of gr,ain may be oonsiderably larger and 
chemical combination in burning proceed with ,equal f1acility. 
Silica or silicaltes whieh are thus susceptible to the action of 
caustic lime are s,aid to be "unl:oel\ed," and the silioa in a semi-
nascent condition. Silica is the mo, t important ingredient to 
be cons~dered in this connection, but similar statements will ap-
ply in some degree to 'the iron oxide and ,alumina 'as well. 
The chemical stabiht~- of the eJ.ements in the mixture should 
therefore be taken into account along with the size of grain, and 
the ~rs t factor may proper]~- he referred to as a chemico-physi-
eal one. 
The foregoing. tatement · may perhaps sugge t two principal 
lines of investigation to be applied to po -ible cement materials. 
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First, the ultimate chemical analysis of both classes -of ingredi-
ents, the limestone or marl and the clay ;sepond, an inquiry into, 
or a determinwtionof, the susceptibility to attack by lime of the 
clay ,and other siliceous components. These two lines of proced-
ur,e have been attempted, -supplemented in some instances by 
actual burning tests. In the remaining portions of this chapter 
the methods employed are explained and some resul,ts are given. 
Methods of Testing. 
As has been shown, chemical composibon 'is the necessary 
. basis for scientific cement manufacture. A statement of the 
chemical analysis ,of each of the ingredients is essential in order 
thwt proper and uniform mixtures may be 00mpounded. All ex-
perimental work to determine the value of cement materials 
must, as well, depend on a correct knowledge of the elements 
composing them: The chemi0al analysis affords a means of com-
parison of promising new mater~als with others now in use. 
THE ANALYSIS OF LIMESTONES. * 
The consti,tuents to be determined are the insoluble siliceous 
matter, oxide ,of iron and aluminum, carbonate of lime and car- , 
bonate of magnesi,a. The siliceous matter 00nsists of s'and (sil-
ica) and silicates, chiefly clay (silicate ,of ,alumina) . 
Process of Analysis.- Weigh 19.of the finely ground sample. 
Transfer it to a 4-in. casserole or dish, cover with a watch glass, 
add ,25 to 30 C.c. of water, then 15 C.c. of con0entrated HCl, and 
warm until all effervescence has ceased. Remove the 0over, 
Wlash it ,off into the dish, add 4 to 5 drops of HN03 and evap-
orate the solubon to dryness -on 'a water bath or hot plate; or 
replace the 00v,er and boil down direCJtlyover the lamp, using 
constant oare to prevent loss by "spattering"; finally heat very 
carefully ,over the lamp flame until all odor of HCl is gone. The 
temperature attained should not exceed 1200 C. lot can be regu-
lated by drying in an air bath, but the "trick" ,of doing it as 
indicated is soon learned and saves much time. Now cool; add 
5 C.c. of HCl, warm till the Fe salts are dissolved, add 50 
C.c. 'of wruter and herut until everything dissolves except the 
silioeous matter, which forms a fl.occulent or sandy residue. Fil-
• Notes on ~letallurgical Analysis, N. W . Lord, 2d Ed" 1903, p, 16, . 
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tel' -through a 5 or 7 cm. iHter, and wash thoroughly with hot 
water until a few drops of the washings show no reaction for 
HCI when tested with AgN03 • 
Ignite and weigh the residue, which, after deducting the weight 
of Ithe filter as'h, con titute the" insofuble iliceous matter." 
Keep it for the determination of the silica by fusion. 
To the filtrate, the volume 'of which should be about 100 c.c., 
carefully a:dd JH.OH until it just . mells distinctly of NHa• 
Shoull the precipitate be light colored and large in amount, in-
dicating the probable precipitation of Mg(OH)2, add 5 c.C. HCI 
and again NH.OH as before. . Now hoil the liquid about five 
minutes or until the odor of NHa has nearly gone-maintaining 
the volume of the liquid if necessary by- adding water fr,om time 
to time. Remove the lamp, and let the precipitate settle, filter 
into a small filter, wash well with hot water, ignite and weigh 
the precipitate of Fe20 a + A120 a + P 20 ". 
The Fe20 a and P 20 " may be determined in another portion, 
and when deducted fr,om the above will give the alumina by 
difference. 
Dilute the fiHra:te to ahout 200 C.c. If it is not distinctly alka-
line add five to ten drops of NH,OH, heat to boiling and slowly 
add 80 C.c. of a olution of (NR,)2 C20. heated to boiling 
point ,also. Us-e a saturated solution of the s'alt diluted with 
an equal vohlme of water. Stir well during the addition of the 
reagent and for a minute or two afterwards, then set aside 
until the precipitate of CaC20 . has settled completely. Decant 
the liquid through a 9 cm. filter without di >ttubing the precipi-
ta:te, wa sh the precipitate once or twice by decantation, using 
about] 00 C.c. of boiling water each time, then transfer it to the 
filter and wash 6 or 7 times wi,th hot water. When the filtra,te is 
to be concentrated for the determination 'of the magnesia, set 
aside the first filtl~ate and dec·antation and catch the subsequent 
washings in a separate beaker. Concentrate these by boiling 
down to a small v'olume and then ,add them to the first portion. 
Dry the precipitate thoroughly, detach it as far as possible 
from the filter, put it in a weighed No. 0 porcelain crucible, 
burn the filter carefully on a platinum wire and add the ash to 
contents of the crucible. Now drop concentrated H 2S04 ,on 
to the precipitate.till it is well moistened, but ,avoid much excess. 
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Heat the crucible (working under ,a "ho'od" to carry off the 
fumes) holding the burner in ,the hand and applying the flame 
cautiously until the swelling of the mass subsides, ,and the ex-
cess of H~80. has been driven off as white fumes . Finally heat 
to a cherry red £01' 5 minutes. Do not use the blast lamp. 0001 
and weigh the Oa80.. The weight of the Oa804 multipl~ed by 
0.735 gives the amount of o.a003 in the ,sample. The filtrate 
from the Ga020 4 should be, if over that volume, concentrated 
by boiling ,to 300 c.'c.; should any Mg020 4 sepaI'late, dissolve 
it by adding a l~ttle HOI. 0001, add NH40Htill alkaline, then 
add 10 c.c. 'or a -sufficient quantity of a ' s'atur,ated solution of 
Na2HP04 • Then add gradually 1-10 -of the volume of the liquid 
of strong NH40H, (sp. gr. 0.90) stir hard for some time, cover 
and let settle until the liquid is perfectly clear (about 2 hours), 
filter and wash with water containing 1-10 ,of its volume of 
strong 'NH40H and a little NH.N03 • Ten c.c. of the phosphate 
solut~ori is sufficient for about 20 per cent -of Mg003 ; for dol-
omites more mus,t be added. Dry the precipita,te, detach it 
from ,the filter and burn the filter on a pLatinum wire; now ignite 
precipitate ,and filter ash in a porcelain crucible, first heating 
carefully over a Bunsen burner till all v,olatile matter is driven 
off and it has been at a dull red heat for some minutes, then 
finishing over the blast lamp for five or ten minutes. 
11he ignited pr,ecipitate is Mg2P 2 0 7 • the weight ,of which mul-
tiplied by 0.757 gives the Mg003 in the sample. 
T1"eatment of the Siliceous Residue for the Dete'rmination of 
Si02.-Mix the ignited residue with eight or ten times its 
weight of dry Na2003 , in a platinum crucible of at least 15 c.c. 
capacity, heat it over a Bunsen burner until the mass has weJ.l 
caked together, ,then over a blast lamp until it is in qui'et fusion. 
Now remov'e the crucible with a pair of tongs land dip the bottom 
in cold water, 'which will usually clause the mass rto loosen. 
Wash off any ,of the material spattel'ed 'on the cover of ,the 
crucible into a casserole with Ihot water. Add the fused cake, 
if it has come loose ; if not, fill ,the crucible with water 'and warm 
until the fused mass s,ofteI1s up and can be ,t:vansferred to the 
cass'erole. Finally dean ,the crucible with hot water and add the 
washings. If ,any material adheres so las not to be removed 
by washing with water, dissolve it with a litHe H01 ,andadd t,o 
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the rest, (on no aCColmt punch 'or dig :the material 'out, as this 
may ruin the crucible) . Wbenbhe fn ion ha been thoroughly 
di integrated by the hot water and no hard lumps are left, 
add HCl until ever~·thing dissolves, cover the dish and warm 
till effervescence cease. . Remov,e and wa h the cover and 
evaporate the solution to dr~'ness on a w,arter bath or otherwise; 
when dr~' and ever~' trace of odor of HCI 1a. o'one, add 10 c.c. 
dilute Hel (1 : 1) and then 50 C.c. of walter. Warm till the 
N aCl has di solv'ed, filter, wash well wibh hot water, dry and 
ignite the resicdual SiO~. The ignition must be repeated and Ithe 
residue reweig'hed until its weight does not change. 
In the fiUrate tlle iron, alumina, lime ,and magnesia may be 
determined as in the reguLar proce. s, ,and the ,amounts so found 
added to the weio·fit ,of the main precipitates. 
THE AN AL YSIS OF CLAYS.-)(-
Fuse 1 gmm ,of the finely- ground clay, dried at 1000 C., with 
10 gmm, of odium earl onate and ,a very lirttle odium nitrate. 
Run the fused mass well up 'On the sides ,of t·he crucible, allow 
it to cool, and trea't it with hot w,ater until thoroughly disinte-
grated, tmnsf.erring the liquid from Itime to time to a platinum 
dish. Treat tbe crucible with hydrochloric acid, add ,this to tJhe 
liquid in the di h, acidulate with hydrochloric .acid, and evapo-
rate Ito drynes::; in the air-bath. Treat the ma '. with water and 
a litHe hydrochloric acid, evaporate again to dryn·ess, and treat 
with 15 c.c. hydrochloric :acid and :1-5 c.c. water. Allow it ·to 
stand in a warm place for fif,teen or twenty minutes, add 50 c.c. 
water, and stand in :a warm place for frfi'een or twenty min~ 
ute, add 50 c.c. water, and fi1ter on 'an ,ashless fil,ter. W,ash 
thoroug'hly with hot water acidulated with a few dr,ops of 
hydrochl-oric ,acid, dry, ignite, heat for Ithree or four minutes 
over the Ma.'t-lamp, and weigh. Treat the precipitate with 
hydrofluoric ac~d and 'a f'ew droOps of sulphuric 'acid, ,evaporate 
to dryne s, ignite, and weigh. The diff'erence between Ithe two 
weights is silica . If ,any appreciahle residue remains in the 
crucible, treat it with la little hydr,ochloric :acid, and wash it 
out into the filtmte from the silica. Transfer 'the filtrate fr,om 
the silica to a large platinum dish, heat it to boiling, add an 
* Blair's Chemical Analysis fron, 6th Ed. 1906 , p , 278 . 
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excess of ammon~a, boil 'until the smell of ammonia is qui1te 
faint, filter on an ,aslhles filter, and wa:sh several ,times with 
hot w,ater. Stand the filtrate and washings aside, and treat 
the precipitate on the filter with a mixture of 15 c.c. hydro-
chloric acid 'and 15 c.c. water (cold) . Allow the solution to run 
into a small clean be,aker, replace this by the ~1atinum d1sh 
in which the precipitation was made, pour the olution on the 
filter again, ,and repeat thi. 'operation until the precipitate 
ua completely disso'lved. Rinse the heaker ,and wash the filter 
thoroughly with cold water, dlT, and preserve it. Reprecip-
itate by ammoni.a, as above directed, filter on an ashless filter, 
wipe the dish with. mall piece of filter-paper, add the. e to 
the precipitate, and wash ,thoroughl~T wi,th hot water. Dn', ignite 
and precipitate and filter, and the filter from the firs't precipita-
tion, heat fora few minutes over the blast-lamp, cool, and 
weigh as alumina ,and ferric ,oxide. Fuse the ignited precipitalte 
with sodium carbonate, treat the fu ed ma s wi-tlh water, wash 
it into a small beaker, allow the residue t'o settle, decant off the 
clear, . 'upernatJant fluid, treat the reo idue with hydrochloric 
acid, and determine the iron volumetrically, or add citric acid 
and ,Rmmonia, and after precipitating the iron a. sulphide, 
filter, "ash, di solve in h~'clrochloric acid, oxidize with br,omine-
water, and precipitrute the ferric oxide by ammonia. Filter, 
" ,ash, dry, ignite, and "eigh a. ferric oxide. Subtract the 
weight of ferric oxi'ae from the a lumina plus ferric oxide found 
above, and the difference is alumina. 
As the amounts of calcium and magnesium in clay are very 
mall, the filtrate and \\ashing from the second precipi.tation 
of ,alumina plu . ferric ,oxide mar be reject'ed and ,the lime and 
mao'nesia determined in the first filtrate as directed on page 77. 
The J. Lawrence Smi>tll process is standard for determining 
alkalis. Place 1 gram of the finely ground clay ina porcelain 
or agate mortar, add an equal weig1ht of granular ammonium 
chloride, 'and grind the entire mass so as to obtain an intimate 
mixture of the Wlhok Transfer to a 0apacious platinum cruci-
ble, cover with a clos-e-fitting lid, and heat carefully to decompose 
the ammonium chloride, which i accomplished in a few minutes. 
He.at gradually to redness, and keep the bottom of the crucible 
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at a bright red for ,about an hour. Allow the crucible to cool, 
and if the rna . i easily detached from the crucible, transfer it 
to a platinum dish and add about 80 c.c. of water. "Wash the 
crucible and lid with boiling water, pouring washings into the 
tlish. IIea t the water in the dish to bojJing, and, when the rna s 
has completely slaked, filter into another plaihnum dish and wa h 
the ma s on the filter with hot water. If the. emi-fused 111a.'IS in 
the crucible i. not easily detached, place the crucible on its 
id e in the dish, add about 100 c.c. water, and heat until the 
mao li . integrates. Remove the crucible, rinse it, and filter 
as above dir,ected. To the filtrate add about 1 V2 gmm of 
pllre ammonium carbonate, evaporate on the water-bath, or very 
carefully ,over a light, unrtil the volume of ,the solution i reduced 
to a bout 40 c.c., add a little more ammonium carbonate and a 
few drops of ammonia, and filter on a small filter. Evaporate 
the filtrate carefully after adding a few drops more of am-
monium carbonate to maJ\'e certain ,that all Ithe lime ha been 
precipitated. If :any fmther precipitate appears, filter into a 
platinum crucible and evaporate to dryness. Heat carefully 
to dull rednes to drive off any ammonium alts, and weigh the 
residue as potassium sodium chloride. To the re idue in the 
crucibl e add a littl e water, in which the residue should di solve 
perfectly, and a s olution of platinic chloride. Evapomte down 
in bhe water-bath until the mass in the crucible solidifies upon 
cooling, add a little w,ater ,to dissolve the excess of pl a tinic 
chloride, and ,then an equal volume of alcohol. '~ Filter on a 
G.ooch crucible, wash with alcohol until the filtrrute runs through 
perfectly colodess, dry lat 1200 C., and weigh a pota"sium 
platinic chl,o-ride. This weight, muHiplied by .19395, give. the 
weight of potash. Then multiply the weight of pota sium 
platinic chloride by .30696, which gives the weight of pot.a .. ium 
chloride. Suhtract this from the weight of potassium chloride 
plus sodium chl06de previously ,obtained, ,and the difference is 
the weig,ht of sodium chloride which, multiplied by .53077, gives 
the weight of ,soda . 
• Tbe strength 01 the alcollolls important. Tbe K2 PtC16 is practically insolub le in 81) 
per cent alcobol, but tbe Na2PtCI . will dissolve in it. Time must be given to secure CO ID-
plete solution 01 tlli s latter salt . Lord ' s Metallurgical Notes, Ed . 190"&, P. 208 . 
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Determine the water of composition by igniting 1 gram of 
the clay for twenty minutes at a bright red heat, when the loss 
of weight will represent the w.ater. 
INTERPRETATION OF ANALYSES. 
The point in an analysis of a clay to which attention should 
first be given is the relation between the percentage of silica 
and the sum of the alumina and tJhe Iron oxide. Experience 
has shown that, 
- should be < 3.57 and > 2.0, 
A120 a + Fe20 a 
: ! i In 
- ill ",_ I !~ 
in order that a proper mixture may be made with a pure lime-
stone. The magnes1a must not run over 5 to 6 per cent. 'Dhe 
allowable maximum ofallmIis and sulphur is 3 per cent. Textur-
ally the clay should be fine-grained, and contain less than one 
per cent of fr'ee silica ,as sandor chert,since particles larger than 
150-mesh will not easily enter into combination with lime. 
So far as the complete chemical analysis tells us, we learn 
nothing of the state of combinabon in whioh any of the oxides 
determined exist. It is especially necessary to know whether 
the silica is present in available condition to combine with lime 
. in burning. The decomposition of silicates by heaJting with lime 
carbonate to a red heat is practiced in quantitative 'analysis in 
the determination of ,alkalis in ,silicates by the J. L. Smi:th pro-
cess. This principl,e has been applied by Pr-ofessor Lunge ,and 
Dr. Scho(')hor in Germany in -the investigation of marls fool' 
cement manufacture. They showed that lime attacks most 
readily the eombined silica and that present in a fine state of 
division, and that an -expression 'of ,the cement-making . value 
of the marls might be thw;; obtained. Professor Edward Orton, 
Jr., has applied the same pr,ocess to the investigation of clays* 
by which means a value is obtained which may be termed the 
hydraulic factor. In Orton's work a fi~ed proportion of 'one 
part clay to four of pure OaCOa was employed -and -the mixture 
.heated to 11000 C. for , seventycfive miriu,tes. The latter method ' 
with slight modifications has been used to test Iowa ' clays. 
* Bulletin No.3, Ohio Geological Survey, p. 120 et seq. 
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It is evident that the knowledge gained fr,om both the com-
plete and the carbonate analysis is of much greruter v,alue than 
the results of either ,alone. So far ,as used, the Orton method 
is regarded 'as furnishing the most reliable obtainable data as to 
theav,ailability of a clay, without an aC!tual burning test. Pmc-
tical application has not yet proven that clays which appear 
unfavorable under this treatment will be unsuitable as a eement 
material. A wider use will be required to demonsltmte this 
point. It is known, however, that s'ome clays that hav'e tested 
favorably by the method have proved s'atisfactory in practice. 
The tests made by the Ohio Geological Survey and Ithe present 
experiments indiC!aie that there is an intimate relation between 
the chemical and physical condition of the minerals eomposing 
clays 'and the value of the vatter for cement manufacture. The 
carbonate analysis seems the mos'tsatisfactory means yet sug-
gested of expressing this relation. 
DETERMINATION OF HYDRAULIC FACTOR. 
The clay to be tested was crushed to one-eighth inch in a 
small I1011-j1aw crusher. One hundred gmms were weighed ap-
proximately land disintegrated by boiling. The sample was then 
put on a 40-mesh siev'e. The oversize was intimately mixed 
with that passing through the sieve before the slample for burn-
ing was taken. As it is essential Ithat the natuml grain of the 
clay be not ,altered, no pulv'erizing was done, except such as 
was necessary to break ,the lumps before screening, and this 
only with the fingers or by boiling and rubbing with a soft 
rubber pestle. 
Two grams of the prepared dray were weighed ,on a watch 
glass and enough calcium carbonate added to make a mixture 
of one part clay to four p~rts o.a003 • Absolutely exact propor-
tions are found not ,to be necess,ary, s'o long as there is an 
exccess of the carbonate. One to four is found ample, ,and in 
order to give the clays unif'orm and comparable treatment w:as 
adhered to throughout. Allowlance was therefore made f'or the 
lime which is practiC!ally always pr'esent in clays in greater or 
less quantity. To illustrate the method of making this correc-
tion, suppose a clay contains fiv,e per cent Oa003 • Two grams 
eontain 0.1 g. of the carbonate. 
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2.0 - 0.1 = 1.9 grams of the other day ingredients present. 
1.9 X 4 = 7.6 grams of CaCOs required Ito make a 1 ,to 4 mi..-.;;:-
ture. 
7.6 - 0.1 = 7.5 grams of CaCOs required to add to 2 grams of 
the clay to make the desired mixture. 
The calcium carbonate and clay were well mixed on glazed 
paper and placed in a 50 c.c. platinum crucible. Enough water 
was added to make a thin slip which was stirred and the mas s 
evaporated to dryness. The burning was done over a blast lamp 
in a small cylindrical furnace of the Erdman type. It was 
£ound inconv'enient to maintain las hig'h a heat (1100° C.) as 
l'ecommended by the Ohio Geological Survey. The 'temperature 
employed varied from 9500 C. to 10600 C. and the heating con-
tinued for ,seventy minutes after the maximum temperature 
was reached. 
The temperature to be used in the test should be sufficiently 
high to bring into soluble form the maximum amount of silicate 
and yet remain slafely below the limit where sintering or actual 
clinkering begins. In the subsequent 'tr,eatment with acid and 
a!lkali the m3iSS .should disintegrate 00mpletely, which would 
not be the case had chemical combination progressed to the 
fusing or slag stage. Temperatures below this limiJt will give 
relaltively smaner amounts of soluble residue, but will afford 
r'e,sults, neverth.eles.s, that are strictly comparable for the clays 
treated. 
After heating at ,the temperature stated £or seventy minutes 
the mass 'Was removed from the crucible and dig'ested for five 
hours in hot dilute (1 : 3) hydr,ochloric acid. The insoluble mat-
ter was filtered out ,and 'treated with a ten per cent hot solution 
of N a2 COa until no flocculent silica w.as obs'erved on testing 
with ammonium chloride. The insoluble was given a finial wash-
ing with twenty per cent hydrochloric acid solution, ignited and 
weighed. The weight of the undiss,olved re'Sidue divided by 
two (since two gmms ·of clay were ·taken) gives the percentage 
of insolubl,e or the ,hydraulic factor. 
The fil'st triaLs of this method with I,oW'a clays are not strictly 
00mparable with the Ohio Survey work 'since the conditions of 
burning were modified to ,some extent. The value 'of the r,esults, 
there£ore, can be determined by employing as a standard the 
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figures obtained from tests of clays which lare now in use and 
known to give satisfaction in the manufacture of standard 
brands of Portland cement. For this purpose a sample of the 
shale used at the Lehigh Cement Company's Mill C a:t 
Mitchell, Ind~ana, was similarly tested and the factor included in 
the table appended. It will be noted that Ithe hydraulic factor 
runs, in those clays which were ,at all favorable, from .2645 to 
.22, while the Mitchell shale gave .227. 
In a la;ter series of tests made in 1907 somewhat more uni-
form temperaturels were employed, ranging between 1000 and 
1060° C. The results of these tests appear as the las't five mem-
bers in the lappended table. It will be noted ,that the minimum 
value of the hydraulic factor is .1053, in the case of the shale 
from Panor,a, Iowa. 
CALCULATION OF CEMENT MIXTURES . 
Experience has shown H1Jat the raw materials for cement 
must be blended in ceI"tain prlopoflhons, which range within nar-
row limits, in order to produce a high grade and uniform prod-
uct. These pr,oportions depend on the results already obtained 
by chemical analysis of the day ,and limest'one or marl to be 
Thsed ,and are CJalcul,ated from the percentage compositions of 
thes'e ingredients. A lack of agreement among investigators 
as to the final constitution of the cement clinker has given rise 
to somewhat varying methods of proportioning the ingredients 
in the raw mixture. The methods employed are best illustrated 
by eXlamples. E. C. Eckel"" expresses the relation between the 
argillaceous and caloar,eous ma,terials by the following ratio 
whi0h is termed the Cementation Index. 
(2.8 x percentage silica (Bi0 2 )) + (1.1 x percentage alumina (AL 
OJ) x (.7 X percentage iron oxide (Fe 2 0,.) ). 
(Percentage lime (CaO)) + (1.4 x percentage magnesia (MgO)). 
• Cements , Limes and Plasters, Wiley & Sons, p. 391. 
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The proper proportions are present when this ratio is equal 
to unity. If the value falls below 1.0, free lime 'Or magnesia 
will be present; if it rises above 1.0, there is a deficiency of lime. 
Based on the above relations the process of calculation would 
be as follows: 
.A nalysis of Raw Matel·ials. 
SHALE FROM GLENDON, IOWA . [ LIMESTONE FROM EARLHAM, IOWA . 
Si0 2 .... . . .................. . ..... 48.91 Insoluble siliceous ........... . .... 7./;5 
A12 0 3 . . • . •• • •• ••••••••• ••• •.• • ••. '.17.66 Al20a + Fe20 3 . . ••. . ••••••••••••• 1.00 
Fe20a .... . ... ...... . . . .. .. . . . .... ti.ti2 CaO ... . ....... . . . . . .. .... . .... .. . 51.05 
CaO ......... . ... . ........... . . . . . 8.42 MgO ... ... . . . . .. . . .. . .. .. . ..... . . .29 
MgO ........ .. .... . ....... . ...... . 1.90 CO 2 . ... ... .. . .. .. . . ............... 40.43 
K 2 0 + Na 2 0 .. ..... . .... . . . .. . . .. 4.0.') 
Loss on igniti on ... . . .... ... ... .. .. 11.88 
Operation 1. Mul1tiply the percentage of sili0a in the clayey 
material by 2.8, the percentage of alumina by 1.1, and the per-
centage of iron oxide by 0.7; add , the products; subtract from 
the sum thus obtained the percentage of lime oxide in the dayey 
material plus 1A times the percentage of magnesia and c.all the 
result n. 
Operation 2. Multiply the percent-age of silica in the 0alca-
reous material by 2.8, the percentage of alumina by 1.1, and the 
percentage -of ir,on oxide by 0.7; add the produCtts and subtract 
the sum from the percentage of lime oxide plus 1.4 times the 
percentage of magnesia in the calcareous material; call the re-
sult ?'n . 
Operation 3. Divide n by?'n. The quotient will be the number 
of parts of calcareous material required for one part of clayey 
material. 
The clay: 
(Silica) 48.91 X 2.8 = 136.95 
(Alumina) 17.66 X 1.1 = 19.37 
(Iron oxide) 6.62 X 0.7 = 4.63 
(Lime) 
(Magnesia) 
160.95 
8.42 
1.90 X 1.4 = 2.66 
11.08 . 
160.95 - 11 .08 = 149.87 = n . 
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The limestone: 
(Siliceous matter) 
(Alumina + iron oxide) 
7. 85 X 2.8 = 21:98 
1.00 X 1.1 = 1.10 
(Lime) 51.05 
(Magnesia) .29 X 1.4 = .41 
51.46 
51.46 - 23.08 = 28.38 = rtI. Then, 
23 .08 
n = 149.87 = 5.28 parts limestone by weight to be ns'ed for each 
1// 28.38 ' 
part ,of clay. In practice, it ha s been found best to reduce the 
amount 'of limestone about ten per cent from that obtained by the 
formul,a since the latter . tands for the <highest quantity of ] ime 
thrut will ,theoretically combine with th~ day. 
Bleining,er gives the foUo'Wing method of batch calcula'tion.'~ 
The Glendon shale and Earlham limestone whose analy se's are 
giv,en above are used. 
The formula assumed for ,the burned product i s : (2.80aO) Si02 • 
(20 aO) A120 3 , which requires for each part by weight of silica 
4.66 parts of calcium carbonate, and for each part of alumina, 
two parts of the lime carbonate. Therefore, 
(Silica) -01 8. 91 x 4.6ti = ~27.92 
(Alumina + iron oxide) :'2-!.28 x 2.00 = 48,56 
276.48 lime carbonate to 
satisfy the silica and alumina of the clay. 
The clay already contains 8.42 per cent OaO (= 15.03 calcium 
carbonate) which it will contribute to ,the mixture and which 
must therefore be subtraoted. A,t the s'ame time, the limestone 
contains silica, alumina and iron oxide which must be taken into 
account. We have therefore, 
276.48 - 15.03 = 261.45 pal'ts caleium , carbonate to be added to 
the clay; and from limestone analysis, calcium carbonate , 91.15 
(= 51.05 X 1.785) - (7. 85 X 4.66 + 1.00 X 2) = 52.57. 
7, 85 X 4.66 + 1.00 X 2 = 38. 58 parts of lime carbonate that will 
combine with the other ingredients of the limestone. 
Total lime carbonate in the limestone, 9 l.15 - 38.58 = 52.57 
parts calcium carbonate ayai lable from the stone. 261.45 parts are 
• Bulletin 3 (4th serie- ) , Ohio Ge ological Survey, p. 239. 
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required. The amount by weight of limestone for one part of clay 
is 261.45 divided by 52.57 = 4.97. 
In the above calcul,ations "the magne·sia is neglected and the 
ferric oxide is taken with the 'alumina. Where these constitu-
ents are l-ow in amount such procedure is permissiMe but it has 
been shown thaJt" the influence ·of iron and magne.sia is 'Such that 
they should have separate consideration. They ar·ethus 00m-
prehended in the formula given on page 85, and to this extent 
the first method 'of calculation is the mor,e accumte. 
. T>he two methods given ,are applicable for determining the cor-
rect proportion in which to blend new and unused raw materials 
'3:S well a,s a means of contro]6ver mixtures already in use. In 
the latter ins-tance, however, more r,apid means ,are' commonly 
employed. Experience with given materials will determine the 
limits within which ,they may vary and still afford a satisfactory 
cement. The total amount of the lime and magnesium carbonates 
is frequently made the basis of control. Their percentages are 
quickly a'scertained by the chemist and the limest'one -or marl and 
the clay apportioned accordingly. Bleininger~ gives ,the follow-
ing formula for calculating the daily mixtur,e after once the best 
proportion of ,a mixture 'h3;s been established, whi0h depends 
essentially on the calcium oxide in the raw ma'terials: 
Let x = weight of limestone in charge 
y = weight of clay in charge 
a = per cent of calcium oxide in the limestone 
b = per cent of calcium oxide in the clay 
c = per cent of calcium oxide in the mixture. 
Then c' = ax + by or x(a - c) = y (c - b) or ~ = c - b . 
x+y y a-c 
• Bulletin 3 (4t1l series), Ollio Geological Survey, p. 242. 

